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Preface 


This book is based on more than ten years experience in teaching: 
the theory of functions of a complex variable at the Moscow Physics 
and Technology Institute. IP is a textbook for students of universities 
and institutes of technology with an advanced mathematical pro- 
gram. We believe that it can also be used for independent study. 

We have stressed the methods of the theory that are often used in 
applied sciences. These methods include series expansions, conformal 
mapping, application of the theory of residues to evaluating definite 
integrals, and asymptotic methods. The material is structured in 
a way that will give the reader the maximum assistance in mastering 
the basics of the theory. To this end we have provided a wide range 
of worked-out examples. We hope that these will help the reader 
acquire a deeper understanding of the theory and experience in 
problem solving. 

The book falls into two parts. The first, consisting of Chapters I-III, 
V, and VI, contains the necessary minimum of information concern- 
ing the theory of functions of a complex variable that every researcher 
must have at his fingertips. Chapter I is introductory, providing 
the basic facts about complex numbers and continuous functions of 
a complex variable. Chapter II gives the main properties of regular 
functions, including the concept of analytic continuation and . the 
analytical properties of integrals that depend on a parameter. 
Chapter III is devoted to the Laurent series and singularities of 
single-valued functions. Chapter V presents the theory of residues 
and its applications. We consider many important types of integrals 
of single- and multiple-valued analytic functions, integral trans- 
formations that are important in problems of mathematical physics 
(Fourier’s, Mellin’s, and Laplace’s transforms), and integrals of the 
beta-function type. Chapter VI is devoted to the properties of con- 
formal mapping and studies in detail the mappings performed by 
elementary functions. Additional material incorporates the Dirich- 
let problem, vector fields in a plane, and some physical problems 
from vector field theory. 

The second part, Chapters IV, VII, and VIII, is aimed at a more 
advanced reader. Chapter IV deals with multiple-valued analytic 
functions and details the analytical properties and the various for- 
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mulas for calculating the values, of the more important elementary 
functions. Special attention is paid to isolating regular branches of 
multiple-valued functions. In the same chapter we give the analytic 
theory of linear second-order ordinary differential equations. Chap- 
ter VII provides the main elementary asymptotic methods (Laplace’s 
method, the method of stationary phase, the saddle-point method, 
and Laplace’s method of contour integration). Finally, Chapter VIII 
briefly surveys operational calculus. 

We would like to express our gratitude to Professor B.V. Shabat, 
who read the manuscript and made many suggestions for improving 
the text. 

Moscow Institute Yu.V. Sidorov 

of Physics and M.F. Fedoryuk 

Technology M.I. Shabunin 
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Chapter I 


Introduction 


1 Complex Numbers 

1.1 The definition of a complex number A complex number is 
a pair (, x , y) of real numbers x and y for which the concept of equality 
and the operations of addition and multiplication are defined as 
follows: 

(1) Two complex numbers (x±, y^) and (x 2 , y 2 ) are equal if and 
only if x 1 — x 2 and y x = y 2 . 

(2) The sum of two complex numbers (x^, y±) and ( x 2 , y 2 ) is the 
complex number (x x -f- x 2 , y ± -f y 2 ). 

(3) The product of two complex numbers (a^, y ± ) and (x 2 , y 2 ) 
is the complex number (. x 1 x 2 — y-dJ^ x 1 y 2 + x 2 y 1 ). 

We use the same mathematical notation for equality, sum, and 
product of complex numbers as for real numbers. Thus, by definition* 

(Xi, yi) = (x 2 * y 2 ) if and only if x x = x 2 and = y 2 , (1.1) 

and the sum and product of two complex numbers are, respectively, 
(•^i* yi) 4 ~ (x 2 i y 2 ) = x 2 i yi -j- ^2)* ( 1 * 2 ) 

(*i> yi) (^21 #2) = (xix 2 — y x y 2 > x x y 2 4- x 2 y x ). ( 1 . 3 ) 

In particular, from (1.2) and (1.3) it follows that 

(x x , 0) + (x 2 , 0) = (x 1 +x 2l 0), (x x , 0) (x 2 , 0) = (x x x 2 , 0), 

which shows that operations on complex numbers of the (x, 0) typo 
coincide with the corresponding operations on real numbers x. For 
this reason complex numbers of the ( x , 0) type are identified with 
real numbers, viz. (x, 0) = x. 

The complex number (0, 1) is known as the unit imaginary number 
and is denoted by the letter j, i.e. i = (0, 1). Let us use (1.3) to* 
calculate the product i X i = i 2 . We have 

? = JXi = (0, 1) (0, 1) = (-1, 0) = -1. 

From (1.2) and (1.3) it also follows that 

(0, y) = (0, 1) (y, 0) = iy, 

(< x , y) = ( x, 0) 4- (0, y) = x 4- iy. 
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Thus, each complex number (x, y) can be written as x -f- iy. It is 
often said that to write a complex number in the form x -f- iy is 
to represent it in algebraic form . A complex number of the iy type 
is said to be pure imaginary. In particular, the number 0, i.e. the 
•complex number (0, 0), is the only number that is simultaneously 
a real number and a pure imaginary number. 

The algebraic form of complex numbers enables us to write (1.1)- 
*(1.3) thus: 

x i + fyi = x 2 + ly 2 if and only if x 1 = x 2 and y ± = y 2 , (1.4) 
( x i + tyi) + ( x 2 + ^ 2 ) — ( x i + ^ 2 ) + J Q/i + ^ 2 )* (1-5) 

(*i + ”/i) (x 2 + iy 2 ) = {x 1 x i — y lU2 ) 4- i (^ 2 + x 2 yj). (1.6) 

The complex number x -f- iy is usually denoted by a single symbol 
2 , i.e. z = x -f- iy. The number x is called the real part of the com- 
plex number z = x -j- iy and y the imaginary part. The notation is 

x = Re (x + iy) = Re z, y = Im (x -j- iy) = Im z . 

Here and in what follows, if not stated otherwise, it is assumed that 
x and y are both real. 

The complex number x — iy is called the complex conjugate of 
z = x + iy and is denoted by z, i.e. 

z = x + iy = x — iy. (1.7) 

Obviously, (z) = z for every complex number z. From (1.4) we can 
see that z = z if and only if z is real. 

The number Y x 1 + V 2 is called the absolute value {norm, modulus) 
of the complex number z = x + iy and is denoted by | z |: 

\z\ = \x + iy\ = Vx 2 + y 2 - ( 1 - 8 ) 

Obviously, | z | ^ 0, with | z | = 0 if and only if z = 0. 

We note that from (1.7) and (1.8) and from the fact that 
zz = (x + iy) (x — iy) = x 2 + y 2 

it follows that 

I *1 = 1*1. (1-9) 

zz = | z | 2 . (1.10) 

Other properties concerning z and z are considered below. 

1.2 Properties of the operation on complex numbers The oper- 
ations of addition and multiplication of complex numbers possess 
the following properties: 

(1) Commutative laws: 

Z A -j” Z 2 = Z 2 -f- "Z>\% %\Z 2 — Z 2 Zj. 
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(2) Associative laws : 

( Z 1 "1“ Z ») Z 3 = Z 1 "h ( Z 2 "H Z 3 )» ( Z 1 Z 2 ) Z 3 = 2 1 ( z 2 z 3)- 

(3) Distributive law : 

Z 1 ( Z 2 + Z 3) = Z 1 Z 2 4" Z 1 Z 3‘ 

Let us prove, say, the commutative law for addition. Let z x = 
x 1 + tyi and z 2 — x i + ly 2 • Then (1.5) yields 
z i -\- z 2 — ( x i + ^ 2 ) + * (yi y 2) y 

Z 2 Z l — ( X 2 4" x l) + * (^/ 2 4~ y\)- 

But the commutative law for real numbers states that x 1 -f- x 2 = 
x 2 + x i and y x + y 2 = y 2 + Hence, z x + z 2 = z 2 + z x . 

The other laws in (l)-(3) can be proved in a similar manner. 
Properties (l)-(3) of complex numbers imply that the operations 
of addition and multiplication on complex numbers x -f iy , in 
the formal sense, do not take into account the fact that i is not real. 
For instance, there is no need in memorizing (1.5) and (1.6), since 
they can be obtained from the usual rules of algebra. Say, 

(*1 + Wi) (*2 + iy 2 ) = * 1*2 + i^iU 2 + ix 2^1 + 

and the fact i 2 = — 1 imply (1.6). 

The numbers zero and unity in the set of compile numbers have 
the same properties as in the set of real numbers, viz. for every com- 
plex number z we have 

z -f- 0 = z, z X 1 = z. 

We can introduce in the set of complex numbers an operation 
that is the inverse of addition. The operation is called subtraction , 
as usual. For any two numbers z x and z 2 there is always the (unique) 
number z that satisfies the equation 

z + z 2 = Z l- ( 1 . 11 ) 

The number is said to be the difference of z t and z 2 and is denoted by 
z x — z 2 . I 11 particular, 0 — z is denoted by — z. 

From (1.4) and (1.5) it follows that, for any two complex numbers 
2 i — x i + and z 2 = x 2 -f- iy 2 , Eq. (1.11) has the unique solution 
2 = (x 1 — x 2 ) + i (y x — y 2 ). Thus, 

Zl — z 2 = (*1 + iyi) — (*2 + iy 2 ) = (Xi — x 2 ) + i (yi — y 2 ). 

(1.12) 

We will now introduce the operation of division in the set of 
complex numbers. The operation that is the inverse of multiplication 
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is known as division , and the quotient of the division of z x by z 2 is 
the (unique) number z that satisfies the equation 

zz 2 = z ly (1-13) 

which is denoted by z x : z 2 or z 1 /z 2 or z x + z 2 . 

We wish to prove that Eq. (1.13) has only one solution for any pair 
of complex numbers z t and z 2 with z 2 =+ 0. Multiplying both sides 
of Eq. (1.13) by z 2 and employing (1.10), we obtain 2 | z 2 | 2 = z^z 2r 
which when multiplied by 1/ 1 z 2 j 2 yields 2 = 2 1 2 2 /| z 2 | 2 . Thus, 


"1 %l z 2 z \ z 2 

Z 2 Z 2 Z 2 I Z 2 I 2 9 


Z 2 =5^= 0. 


(1.14) 


If z x = x i + iy x and z 2 — x 2 + iy 2 , we can rewrite (1.14) as 
follows: 


z i _ *i ±lMi = (*i + +i) (*2 — *y 2 ) _ *1*2 + 2/12/2 , - * 2 2/i — *i?2 
Z 2 *2+U/2 ^2 + 1/2 *2 + 2/2 ^ *2 + 2/2 

There is no need to memorize this formula; it is sufficient to remem- 
ber that the result is obtained by multiplying the numerator and 
denominator by a number that is the complex conjugate of the 
denominator. 

Example 1. 

2 — 3 i _ (2 — 30(3 — 4/) _ 6 — Si — — f- 1 2 1 2 

3 + 4/ “ (3 + 40 (5 — 40 “ 3 2 + 4 2 

_ 6-17/ — 12 6 17 . 

~ 25 25 25 1 ‘ U 

1.3 The geometric interpretation of a complex number Suppose 
we take a plane with a rectangular system of coordinates assigned 
to it. The complex number z = x + iy is represented by a point in 

this plane with coordinates ( x , y), and we can denote this point by 

the letter z (Fig. 1). The correspondence between complex numbers 
and points in a plane is obviously one-to-one. Real numbers are 
denoted by points on the horizontal axis (see Fig. 1), while pure 
imaginary numbers are denoted by points on the vertical axis. For 
this reason the horizontal axis is called the real axis and the vertical 
axis the imaginary axis . The plane whose points represent complex 
numbers is called the complex {number) plane or the Argand plane 
or the Gauss plane. 

Clearly, the points z and — z are symmetric with respect to point 0, 
while points z and z are symmetric with respect to the real axis, 
since if z = x + iy, then — z = ( — x) + i ( — y) and z = x + i (— y) 
(Fig. 1). 

A complex number z can also be represented by a position vector 
whose beginning is at point 0 and end at point z (Fig. 1). The corre- 
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spondence between complex numbers and vectors in the complex 
plane whose beginnings are at point 0 is also one-to-one. For this 
reason a vector representing a complex number is designated by the 
same letter as the number. 

From Fig. 1 and (1.8) we can see that the length of vector z is 
j z | and the following inequalities hold: 

| Re z | ^ | z |, | Im z | ^ | z |. 

The vector interpretation graphically illustrates the operations 
of addition and subtraction of complex numbers. From (1.5) it 



follows that the number z x -}- z 2 is depicted by a vector built accord- 
ing to the common rule of adding vectors and z 2 (Fig. 2). The vector 
z 1 — z 2 is built as the sum of vectors z x and —z 2 (Fig. 2). 

Figure 2 shows that the distance between two points , say z ± and z 21 
is equal to the length of vector z x — z 2 , i.e. \ z x — z 2 |. 

Example 2. The set of points z satisfying the equation | z — z 0 | = 
R is a circle of radius R centered at point z 0 , since | z — z 0 \ 
is the distance between the points z and z 0 . □ 

Example 3. The points z satisfying the equation | z — z x | = 
| z — z 2 | constitute a set of points equidistant from points z x 
and z 2 , which means that this is the equation of a straight line 
that is perpendicular to the segment connecting points z x and z 2 
and passes through the segment’s middle. □ 

Example 4. (a) The set of points z satisfying the equation | z — 
z i I + | z — z 2 | = 2a, where 2a :> | z t — z 2 |, constitute an 
ellipse with the foci at z x and z 2 and the major semiaxis equal to a, 



14 


Introduction 


since | 2 — z x | + | z — z 2 | is the sum of distances from point z 
to points z 1 and z 2 . 

(b) Similarly, the equation \ \ z — z : | — | z — z 2 || = 2a, where 
2a <C | z i — z 2 |, is the equation of a hyperbola with the foci at 
z t and z 2 and the real semiaxis equal to a. □ 

The triangle inequality For each pair of complex numbers z x 
and z 2 we have 

I I Z 1 I I %2 I I I %1 “t" ^2 | ^ | Z i I -j- I z 2 |. (1.15) 

Proof. The lengths of the sides of the triangle whose vertices are 
at 0, z lf and z { -f -z 2 are equal to | 2-, |, | z 2 |, and \z 1 -f z 2 \ (Fig. 2). 
Consequently, the inequalities (1.15) coincide with the inequalities 
for the lengths of the sides of a triangle known from elementary geo- 
metry. 

Corollary For an arbitrary set of complex numbers z lf z 2 , . . z n 
we always have 

h = i k=-\ 

2.1.4 The polar and exponential forms of a complex number The 

position of the point z = x + iy in the complex plane is uniquely 
defined not only by its Cartesian coordinates x and y but also by 
its polar coordinates r and 9 (Fig. 3), where r = | z | is the distance 
from point 0 to $oint z , and 9 is the angle between the real axis and 
the position vector z reckoned from the positive direction of the 
real axis counterclockwise if the angle is positive and clockwise 
if the angle is negative. This angle is called the argument of the 
complex number z (z 0) and is denoted thus: cp = arg z. For the 
number 2 = 0 the argument is undefined, which means that in all 
further discussions involving the argument concept the complex 
number 2 is assumed to be nonzero. 

Figure 3 shows that 

x = r cos cp, y = r sin 9. (1-17) 

Hence, any complex number 2 =£ 0 can be represented as follows: 
2 = r (cos 9 + i sin 9). (1.18) 


This form of a complex number is called polar form. 

From (1.17) it follows that if 2 = x + iy and 9 = arg 2, then 


cos 9 = 


X 


sin 9 


y 

/**+? ' 


(1.19) 


Figure 3 shows that the converse is true, too, viz. the number 9 
is the argument of the complex number 2 = x -j- iy only if both 
equations in (1.19) are true. Hence, to find the argument of a complex 
number we must solve the system of equations (1.19). 
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This system has an infinite number of solutions given by the for- 
mula (p = <Po + 2/cjt, k = 0, ±1, ± 2, ...» where (p 0 is a particular 
solution of (1.19). Thus, the argument of a complex number is not 
determined uniquely, i.e. if cp 0 is one of values of the arguments of 



Fig. 3 



a complex number z, then all the values can be found via theformular 

arg z = (p 0 + 2fcrt, k = 0, ±1. ±2, .... (1.20> 

Equations (1.19) imply that the argument cp of a complex number 
z = x + iy satisfies the equation 

tan <p = ylx. (1.21) 

We note that all solutions of Eq. (1.21) are solutions of Eqs. (1.19). 

Example 5 . Let us find the argument of the complex number 
z — — 1 — i . Since point z = — 1 — i lies in the third quadrant 
and tan <p = 1, we conclude that arg (-— 1 — i) = 5ji/ 4 — 2fcrt, 
k = 0, zb 1 1 ±2, . . . . |~1 

If | z | = 1 and cp = arg z, then (1.18) implies that z = cos cp + 
sin cp. The complex number cos cp + i sin cp is denoted by e'w, 
i.e. for all real cp the function e i( ? is defined by the Euler formula 

e tv = cos cp + i sin cp. (1.22) 

In particular, e 2ni = 1 , e ni = —1, e nil2 = i, and e ~ ni/ 2 = — i 
(Fig. 4). Note that | e i{ * \ = 1 for any real cp. If in (1.22) we substitute 
— cp for cp, we obtain 

e~i<p = cos cp — i sin cp. (1.23) 

Now, if we add (1.22) and (.1.23) and subtract (1.23) from (1.22) ^ 
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we obtain the Euler formulas 

1 

cos(p=-2- + 

! (1-24) 

sin y = — (e 1 ® — e-'Q), 

which can be used to express trigonometric function in terms of the 
exponential function. 

The function e i( v possesses the properties of an ordinary exponential 
function, as if i was real. The main properties are as follows: 

(1.25) 

(1.26) 

(e**) n =--e in v, n = 0, ±1, ±2, (1.27) 

Let us prove that (1.25) is true. We have 
£ i<Pl = (cos (jp! -f- i sin (p x ) (cos <p 2 -f- i sin (p 2 ) 

= (cos (p x cos q) 2 — sin cp x sin (p 2 ) + i (sin cp x cos cp 2 + cos cpx sin <p 2 . 

= cos (cp x + cp 2 ) + i sin (<p 2 + <p 2 ) = e*(<Pt+<P*)) 

Equation (1.26) can be verified in a similar manner, and Eq. (1.27) 
■can be found from (1.25) and (1.26) by induction. 

Equations (1.27) and (1.22) lead to de Moivre's formulas 

{cos (p -f- i sin <p) n = cos m p + i sin m p, n = 0, ±1, ±2, .... 

(1.28) 

Example 6. Let us find the sums 
S ± = cos x •+ cos (x + a) -f- cos (x -j- 2a) cos ( x -f na), 

S 2 = sin x -f- sin (x a) + sin ( x + 2a) sin (x + na). 

We put S = S ± + iS 2 . Then the Euler formula (1.22) yields 

S = (cos x -f i sin x) + (cos (x + a) + i sin (x + a)) + . . . 

. . . + (cos (x + na) + i sin (x + na)) 

= _|_ e i(x+ a) # # # _|_ e i(x+ncc)' 

For the sum of this geometric progression with the ratio e i(X we can 
write S = [e ix (e i ( 7l+1 > a — l)]/(e ia — 1). Since S ± = Re S and 

S 2 = Im S, we can find both sums from this one formula. 
If we divide the numerator and denominator by e ia/2 , 
then the denominator will be equal to 2£sin(a/2) and the 
numerator to cos(# -\-(n + 1/2) a) — cos(^ — a/2) + i[sin(# + 
(n + 1/2) a) — sin(# — a/2)] = 2sin[(/z 1) a/2][— sin (x + na/2) + 
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i cos (x + na/2)]. This leads to the final result 


Si = - 


sin 


(n + 1) a 


sin 


cos 


(* 



sin 


(n + 1) a 


s,= 


sin 


a 

T 


■sin 


(*+t) 


□ 


From (1.18) and (1.22) it follows that any nonzero complex num- 
ber z can be represented in the form 

z = re i{ p, (1.29) 

where r = | z |, and (p = arg z. This form of a complex number is 
called exponential form. 

Using (1.25) and (1.26), we can easily find formulas for multi- 
plication and division of complex numbers written in exponential 
form: 

z \ z 'i = r i e i<Pi r 2 e i(P2 = r i r 2 e i (1.30) 

— L— S l g2<Pl — ll. e i (<Pi (1 31) 
^2 r 2 e i(p * ^*2 v • / 


From (1.30) it follows that the absolute value of the product of 
two complex numbers is equal to the product of the absolute values 
of these numbers, 

I Z 1 Z 2 I = I Z 1 I I *2 I. 

and the sum of arguments of the cofactors is the argument of the 
product, i.e. 

if (p t = arg z i and <p 2 = arg z 2 , then <Pi 4- cp 2 = arg (z^). (1.32) 

Similarly, from (1.31) it follows that the absolute value of the 
quotient of two complex numbers is equal to the quotient of the 
absolute values of these numbers: 


*i 

H 





and the difference of the arguments of the dividend and the divisor 
is equal to the argument of the quotient, i.e. 

if (p x = arg z t and (p 2 = arg z 2 , then (Pi — <p 2 = arg (z x /z 2 ). (1.33) 
Example 7 . 

(1 — i J/3) 3 (1 + i) 2 = (2e-**/3)3 (|/lfen*/4)2 


= 2 z e~ ni 2e ni t 2 = 2 3 ( — 1) 2i = — 16i. □ 


2-01641 
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Note that the geometric interpretation (Fig. 3) leads to a rule 
for determining whether two complex numbers written in expo- 
nential form are equal, viz. if z 1 — and z 2 = r 2 e h p*, then 

Zi = z 2 if and only if r i = r 2 and (pj = cp 2 + 2/rjt, where k is an 
integer. Thus, z t = z 2 if and only if 

| Zi | = | z 2 | and arg z i = arg z 2 -f- 2kn, (1*34) 
with k an integer. 

Many formulas of analytic geometry have a straightforward 
appearance if we employ complex numbers. For instance, let A i = 

(x x , y x ), A 2 = (x 2 , y 2 ), and 0 = (0, 0) be points in the (. x , y ) 

» > 

plane, and a 1 = OA 1 and a 2 = OA 2 vectors. These vectors corre- 
spond to complex numbers z x = x t + iy x and z 2 = x 2 + iy 2 . We have 

7iZ 2 = + x 2 i/ 2 + i (xjZ/a 4- Xjj/i). 

The real part of this expression is the scalar (dot) product of vectors 
and # 2 » 

a x -a 2 = Re (z^), 

while the imaginary part is the oriented area £ of the triangle with 
vertices at points O, A ly and ^4 2 , 

x i x>. 

S= Im (z 4 z 2 ) = 

y i y 2 

Now suppose that A = ( 2 ;, y) is a point in the ( 2 ;, y) plane. We 
wish to find the coordinates (x\ y') of point A in a new coordinate 
system rotated with respect to the old coordinate system through 
an angle a (Fig. 5). The point A corresponds to the complex number 
x + iy = re { w. Then x + iy' = re i(< P _a > = re i we~ ia = [x + iy)~e ia , i.e. 

x f + iy ' = (x «+- iy) (cos a — i sin a). 

Equating the real and imaginary parts, we find that 

x* = x cos a -j- y sin a, y' = — x sin a + y cos a. 

1.5 Root extraction Consider the equation 

z n = a, (1.35) 

where a is a nonzero complex number, and n a positive integer. 
Let a = pe i0 and z = re { v. Then 

r n e int p _ 

This equation yields, via property (1.34), r n = p and ny = 0 + 2/cji; 
whence r = y^p, = (0 + 2kn)!n, and 

Z h =Y pe(0+2A«) </n k = 0j ±l f ±2, .... 


(1.36) 
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Let us show that among the complex numbers given by (1.36) 
there are exactly n different numbers. Note that the numbers z 0 , 
Zj, . . ., are all different, since their arguments are 


90 — 9 r 


0 -j- 2 jt 


<Pn - 1 = 


e+2jx(^— i) 


and the difference is less than 2 n (see (1.34)). Next, z n = z 0 » 
since | z n | = | z° | = Y'p an( ^ <Pti = To + 2 ji. Similarly, 2 n+1 = z 1% 
i == Zn ~i ’ etc. 

Thus, Eq. (1.35) with a =/= 0 has exactly n different roots 

z k = V pe<e+ 2 AJt) i/n, = 1, ...<11 — 1. (1.37) 

In the complex plane these roots lie at the vertices of a regular 
/z-gon inscribed into a circle of radius \f p centered at point 0 
(Fig. 6). 

Remark. The complex number z is said to be the nth root (not to 




be confused with the root of number “rc”!) of the complex number a 
(and is denoted by Y a ) if z n = We have just shown that for 
there are exactly n different nth roots of a. 

1.6 Other properties of complex numbers If z = x + iy, then 
by definition (1.7) z = x — iy. As already noted (see (1.9)), the abso- 
lute values of complex conjugate numbers are equal, | z | = | z |. 
But how are the arguments of such numbers related? 

Suppose that z = re i{ v. Then from (1.22) and (1.23) (or Fig. 7) 
we can see that z = Hence, if cp = arg z, then — (p = arg z . 

Note that the operation of complex conjugation is permutativa 


2 * 
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with the arithmetic operations on complex numbers, viz. 



z i ^1 i z 2 , 

("S~ ) = ^r*' Z2#0, 

(z n ) = (z) n , n = 0, ±1, ±2, . . 
z ^ 0 for n < 0, 

These relationships can be verified di- 
rectly. 

Example 8 . Let P (z) = a^z n + 
a^ 71-1 + . . . -f- a n be a polynomial 
with real coefficients. Then 

P l z j = a 0 (z) n 4- a t (z) 71 ' 1 

+ •••■+■ d n = P ( z )* 


If (z 0 ) = 0, then P (z 0 ) = P (z 0 ) = 0, i.e. if a number z 0 is 
a root of a polynomial with real coefficients, its complex conjugate z 0 
is also a root of this polynomial. □ 


2 Sequences and Series of Complex Numbers 

2.1 Sequences The definition of the limit of a sequence {z n } 
of complex numbers z x , z 2 , ...» z n , ... i s formally the same as 
that of the limit of a sequence of real numbers. 

Definition . A complex number a is said to be the limit of a sequence 
{z n } if for every positive e there exists a positive integer N = N (e) 
such that 

\z n — a \ < e (2.1) 

for all n >» N. We then write lim z n = a. 

n-*oo 

In other words, a is said to be the limit of |a sequence {z„} if 

limj | z n — a | = 0. (2.2) 

n-*-oo 

A sequence that has a limit is said to be convergent . 

The geometric meaning of the inequality (2.1) is that point z n 
lies within a circle of radius e centered at point a (Fig. 8). This 
circle, i.e. the set of points z each of which satisfies the inequality 
| z — a | < e, where e >.0, is called the E-neighborhood of point a. 
Hence, a is the limit of the sequence {z n } if every neighborhood of a 
contains all the terms of the sequence except, perhaps, a finite num- 
ber of these terms. 



Sequences and Series 


21 


Thus, the definition of the limit of a sequence {z n } coincides [with 
the common definition of the limit of a sequence of points in a plane 
but formulated in terms of com- 
plex numbers. 

Each sequence of complex num- 
bers {z n } has two sequences of 
real numbers, {# n } and {z/ n },with 
Z n = Xn + iy n » n = 1,2,..., 
corresponding to it. This is stated 
in 

Theorem 1 The fact that there 
exists a limit lim z n = a, with 

n-* oo 

a = a ip, is equivalent to 
lim x n = a, lim j/„ = p. 

n-*oo n-*- oo 

Proof. Suppose there exists a 
limit lim z n = a, i.e. condition 

n->oo 

(2.2) is met. Then | x n — a | j z n — a | and | y n — p | ^ | z n — a \ 

imply that lim x n = a and lim y n = P . The converse follows from 

n-* oo n-+oo 

the estimate 

I Zn — a I = | (x n — a) + i(y n — P) |< | x n — a | + | y n — p | 
(see (1.15)). 

Theorem 1 and the properties of convergent sequences of real num- 
bers yield the following properties of sequences of complex numbers: 
if lim z n — a and lim = b, then 

n->oo n-*-oo 

lim ( z n ± £„) = a ± 5, (2.3) 

n-*-oo 

lim (z n U) = ab, (2.4) 

n-^oo 

lim-Ja.= f (£ n# 0 at re = 1, 2, ...; 6#0). (2.5) 

n-*-oo fen 0 

In the same manner as is done in courses of mathematical analysis 
we can prove 

Cauchy’s condition for convergence of a sequence A sequence 
{z n } converges if and only if for every positive e there is a positive inte- 
ger N such that for all n> N and m > N we have | z n — z m | < e. 

A sequence of complex numbers {z n } is said to be bounded if there 
is a number R such that | z n | < R for all positive integers n. The 
geometric interpretation of the limit of a sequence implies that each 
convergent sequence is bounded. The converse is generally not true. 
However, there is 
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Weierstrass’s theorem Out of every bounded sequence we can select 
a convergent subsequence. 

To prove this theorem it is sufficient to note that the boundedness 
of {z n } implies the boundedness of {x n } and {y n }, where z n = x n -\- 
iy n » and then apply Weierstrass’s theorem for sequences of real 
numbers and use Theorem 1. 

Let us investigate the properties of sequences of complex num- 
bers that are related to the properties of the sequences of the ab- 
solute values and arguments of these numbers. 

(1) The definition of the limit of a sequence and the inequality 
II z n I — I 0 II ^ I z n — a | (see (1.15)) yield the following prop- 
erty: 

if lim z n = a , then lim \ z n \ = \a\. 

n — oo n-+ oo 

. (2) The following condition is sufficient for the convergence of 
a sequence of complex numbers. Let z n = r n e i( v n , where r n = | z n | 
and <p n = arg z n . If lim r n = p and lim (p n = a, then lim z n = 

n-+ oo n-+oo n-*-oo 

pe ia . This property follows from the formula z n = r n cos cp n -f- 
ir n sin cp n and Theorem 1. 

2,2 'The extended complex plane The following definition in- 
troduces the concept of infinity. 

Definition. A sequence of complex numbers {z n } is said to converge 
to infinity , 



lim z n = cx), 

(2.6) 

if 

n-* 00 

lim \z n | = oo. 

(2.7) 


n-> oo 


Formally, this definition coincides with the appropriate definition 
for real numbers, since condition (2.7) means that for any positive R 
there is a positive integer N such that 

\z n \>R (2.8) 

for all n^> N. 

For sequences of complex numbers that tend to infinity the follow- 
ing properties are true: 

(1) If z n =£0 % n= 1, 2, then \imz n = oo if and only if 

77-*00 

lim (l/z„) = 0. 

n-*- oo 

(2) If lim z„ = oo and lim t >n = a=/= oo, then lim (z„ -F £n) = 00 

11-+00 n-*oo n-+ 00 

and lim (£„/z n ) = 0. 
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(3) If lim z n — oo and lim = 0 or oo, then lim (z n t, n )~ oo 

n~*-oo n-*-oo n-*-oo 

and lim (z„/£„) = oo. 

TI--00 

What is the geometric meaning of (2.7)? The inequality | z n \ > R 
reflects the fact that point z n lies outside a circle of radius R centered 
at 0 (see Fig. 9). The set of points lying 
outside such a circle is said to be a neigh - 
borhood of infinity . Hence, the point z = 
oo, the point at infinity , is the limit of a 
sequence {z n } if any neighborhood of this 
point contains all the terms of this se- 
quence except, perhaps, a finite number 
of these terms. 

Thus, to the “number” z = oo there cor- 
responds a symbolic point at infinity. The 
complex plane with this point added to 
it is said to be the extended complex 
plane. Let us see how to interpret this con- 
cept geometrically. 

Let us take a sphere S that touches the complex plane at point 0 
(Fig. 10). Suppose P is the point that is the antipode of 0. To each 
point z in the complex plane we assign a point M that is the point 



P 



at which a line connecting points z and [P intersects sphere S 
(Fig. 10). Clearly, a sequence of points {z n } that converges to the 
point at infinity has corresponding to it a sequence of points on S 
that converges to P . For this reason the “image” of point z = oo is P. 

Such correspondence between the points in the extended complex 
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plane and those on the sphere S is one-to-one and is called a stereo- 
graphic projection , while sphere S is called Riemanns sphere . 

Complex numbers (including z = oo) can be depicted by points 
of Riemann’s sphere, and convergent sequences of complex numbers 
are depicted on Riemann’s sphere by convergent sequences of points. 

A stereographic projection maps circles into circles and angles 
between intersecting curves in the plane into the same angles be- 
tween the images of these curves on Riemann’s sphere (e.g. see Pri- 
valqy } [ 1 ]) 

Remark. The. concepts of the sum, product, etc. of the complex 
number z and the symbol oo do not work, i.e. the expressions z + oo, 
z X 00, 00 + oo, and the like have no meaning. However, the fol- 
lowing notation is often used: 

(—00, +00) for the real axis, 

( — too, -)-ioo) for the imaginary axis, 

(a — ioo, a+ ioo) for the straight line Re z = a, 

(Pi — 00, 00) for the straight line Im z = p. 

Theorem The extended complex plane is compact , i.e. out of any 
sequence of complex numbers we can select a convergent subsequence 
(< converging , perhaps , to infinity). 

Proof. If the sequence {z n } is bounded, we can always employ 
Weierstrass’s theorem and select a convergent subsequence out of 
the terms of the sequence, while if a sequence is not bounded, then 
for any positive integer k there is a positive integer n h such that 
I z nh I >k. Hence lim z nk — 00. 

h^-oo 

2.3 Series Definition. The series 

fj z h ( 2 . 9 ) 

k=i 

is said to be convergent if the sequence of its partial sums 

n 

{s n = 2 z h} is convergent. The limit s of the sequence {s n } is 

h = 1 

00 

called the sum of the series ( 2 . 9 ): s= 2 z k- 

h= 1 

00 

The series ( 2 . 9 ) is said to be absolutely convergent if 2 I z k I i s 

k = 1 

convergent. 

Thus, the investigation of the convergence of a series is reduced 
to that of the sequence of the partial sums of this series. For instance, 
the following properties follow from the properties of convergent 
sequences: 
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(1) The series 2 z k is convergent if and only if the convergence^ 

k=i 

oo oo 

of 2 x h and 2 y k , where z k = x+ iy k , is established. Here 

h = 1 h=l 

oo oo oo 

2 2 + i 21 J/ft- 

ft=l fc = l ft=l 

OO 00 

(2) If the series 2 z h is convergent, so is the series 2 az hT . 

h = 1 h = 1 

where a is a complex number, and 

oo oo 

2 aZk — a 2 

oo oo oo 

(3) If 2 z k and 2 are convergent series, the series 2 (z k + £h)« 

k=\ h=l k=l 

is convergent, too, and 

2 <»,+&,)- S 

k=l h = 1 h = 1 

oo oo 

(4) If 2 and 2 are convergent series and their sums are- 


k=i 


k=i 


oo I h ^ > 

equal to 5 and a, respectively, then the series 2 ( 2 z n l )k _ n+l ) is- 

ft=i \ n =i ! 

convergent, too, and its sum is so. 

oo 

(5) Cauchy’s condition for convergence of a series A series 2 z k 

h=l 

is convergent if and only if for any positive e there exists a positive- 
integer N such that for all n> N and m ^ n > N the following in- 
equality holds: 


2 2ft 


k=n 


< e. 


(6) A necessary condition for convergence of 2 z k is lim = 0. 

k= 1 h-+ oo 

OO OO 

(7) If the series 2 | z k | is convergent, so is the series 2 z h . 

k=\ h = 1 


3 Curves and Domains in the Complex Plane 

3.1 Complex valued functions of one real variable Suppose that, 
a function defined as z = o ( t ) on the segment a ^ t ^ (i assumes 
complex values. This complex valued function can be written as* 
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<j (t) = l (£) + ir\ ( t ), where £ (£) = Re a ( t ) and r] ( t ) = Im a ( t ) 
are real valued functions of the real variable t. Many properties of 
real valued functions are naturally carried over to complex valued 
functions. 

The limit of the function a (t) = £ ( t ) + ir| ( t ) is defined as 

lim a ( t ) = lim £ (£) -f- i lim]r) (£) . ( 3 . 1 ) 

t-+t 0 


Thus, if lim a(£) exists, then lim \(t) and lim r\(t) exist, too. 

t~+t o t-+"t o t~*to 


This definition is equivalent to the following one: lim a (t) = a 

t-+to 

if for any positive e there is a positive 6 such that | a (t) — a | < e 
for all t such that I t — t 0 | < 6 with t =/= t 0 . 

We can formulate this definition in still another way, viz. 
lim g (t) = a if lim a ( t n ) = a for every sequence {£ n } such that 

t-+to t^to 

lim t n = t 0 , t n =^= t 0 , at n — - 1 , 2 , .... 

n — oo 

The limit of a complex valued function has the following prop- 
erties: if lim (£) = a x and lim o 2 ( t ) = a 2 exist, so do 

t“+to t—to 

lim [ffj ( t ) ± a 2 (<)] = a t ± a 2 , lim [cr t (t) a 2 ( t )] = a^a 2 , 

t-*t o t + t 0 

and 


lim 

t-+t 0 


gi (0 
02 ( t ) 


«1 

0,2 


if a 2 =7^= 0. 


The definitions and properties of lim a ( t ) and lim a (£) 

t-*to-0 f-fo+0 

are similar. 

We will now introduce the notion of the continuity of a complex 
valued function. A function defined as a (t) = £ (t) -j- (0 is said 

to be continuous at a point or on a segment if at this point or on this 
segment both g ( t ) and r\ ( t ) are continuous. 

This definition is equivalent to the following one: a function a ( t ) 
is called continuous at a point £ 0 if lim a (t) = a ( t 0 ), i.e. if for every 

f-fo 

positive e there is a positive 8 such that | a (t) — a ( t 0 ) | < e for 
all t such that | t — t 0 | < 6. 

Clearly, the sum, difference, and product of continuous complex 
valued functions are continuous functions, while the quotient of 
two continuous complex valued functions is a continuous function 
at all points where the denominator is nonzero. We note also that 
a complex valued function a ( t ) continuous on [a, p] is bounded 
on this segment, i.e. \ o (t) | ^ M for a positive M and all t 6 PI- 

The derivative of a complex valued function cr (t) = g (£) + ir\ (t) 
is defined as 


o' ( t ) = I' (f) + it]' ( t ). 


( 3 . 2 ) 
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Hence, a' (t) exists if (t) and r)' ( t ) do. 

This definition is equivalent to the following: 

O' (t) = lim g(t+A Al~ ? --» (3.3) 

Af-0 


We can easily verify that if the derivatives at ( t ) and a 2 (t) exist, 
so do 


and 


(<?! ± o 2 )' = o'l ± 02, (o^)' = oicr 2 + a t 02, 


/ Ol \' = O^-OjOj 

\ a 2 ) a§ 


if O2 (£) =7^= 0. 


However, not all the properties of real valued functions are carried 
over to complex valued functions. For instance, for complex valued 
functions, Rolle’s and Lagrange’s theorems are not valid, generally 
speaking. 

Example 1. The function a ( t ) = e u is differentiable on the seg- 
ment [0, 2ji], with o' (£) = ie u and | a' (t) | = 1 for all t 6 10, 2 jt]. 
Thus, o' ( t ) does not vanish at a single point of [0, 2jt] although 
a (0) = o (2 ji) = 1. □ 

The integral of a complex valued function <r (J) = £ (t) + (0 

is defined as 

P P P 

j a (t) dt = j £ (J) dt + i j r\ ( t ) dt . (3.4) 

a a a 


This is equivalent to the following definition of an integral as the 
limit of the sequence of Riemann’s sums: 


r n 

\ o ( t ) dt = lim 2 o (x h ) 
l a-o 


(3.5) 


where a = £ 0 < < . . . < t n = p, A t k = t h — t h < x ft < 

and A = max A£ ft . 

_ (ft) 

Obviously, a complex valued function that is continuous on a seg- 
ment is integrable on this segment. It is also clear that the following 
properties hold: 

P P 

(1) [ ao(t)dt = a ^ o(t)dt , a = const. 

a a 

P P P 

( 2 ) j (°i (t) ± o 2 (f)] dt = j a i (t) dt± ^<j 2 ( t ) dt. 

a a a 
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P a 

(3) j a{t)dt= - 

a 

P 6 P 

(4) ^ a (t) dt = j a (f) dt + j a (t) dt. 

a a 6 

P 

(5) j a(f)df = cD(p)-(t>(a), 

a 

where O ( t ) is the antiderivative of o (t), i.e. <D' (£) = o (t), a ^ 
t ^ P (the Newton-Leibniz formula ). 

(6) // a complex valued function a (£) is integrable on [a, (}]„ 
the function | o (t) | is also integrable on this segment and 


j a ( t ) dt. 
P 


P P 

\o(t)\dt. (3.6) 

a a 


Proof . The fact that | a (t) | is integrable follows from the prop- 
erties of integrable real valued functions. Using the inequality 
(1.16), we find that 


2 

k=l 


n 


< 21 |o(x ft )]| A t h . 

h=i 


Passing to the limit as A ->■ 0, where A = max A t kr we 

( k ) 

(3.6). 

Corollary Property (3.6) leads to 


arrive at 


15 


o(t)dt ^(P — a) max | 

a^«P 


a (0 1, P>a- 


(3.7) 


Note that for complex valued functions the mean-value theorem 
is invalid. 

2ji 

Example 2. j e u dt = 0, but the function e il vanishes nowhere one 

[0, 2jt]. □ 

Remark. A complex valued function a (t) = E ( t ) it] (t) can be- 

thought of as a vector function (£ ( t ), r| ( t )). The concepts of the 
limit, continuity, and derivative for complex valued functions di- 
rectly correspond to similar concepts for vector functions formulated 
in terms of complex numbers. 

A complex valued function z = a (t) defined on [a, |3] maps this- 
segment into a set of points in the complex plane. This set of points- 
can be thought of as the “graph” of the function. For instance, if 
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■z = o ( t ) is a continuous function, its graph constitutes a curve in 
the complex plane. 

3.2 Curves Suppose a continuous complex valued function is 
defined on [a, p], where both a and P are finite. It is then said that 
this function specifies a continuous curve 

z = a ( t ), a ^ t ^ p, (3.8) 

while Eq. (3.8) is called the parametric equation of the curve (when 
speaking of curves, we will always assume them to be continuous). 



Fig. 11 Fig. 12 


If z 1 = a (t x ) and z 2 = o (£ 2 ), where a ^ t x < t 2 ^ p, it is said 
that point z 2 of curve (3.8) follows point z x (or point z x precedes point 
z 2 ). Thus, curve (3.8) constitutes an ordered set of points in the com- 
plex plane. In other words, a curve in the complex plane is always 
assumed to be oriented in the direction that corresponds to param- 
eter t growing. The direction in which point z, while moving along 
the curve, corresponds to increasing values of t is said to be positive . 
Point a = a ( a) is called the initial point (beginning) and point 
b = g (P) the terminal point (end). 

Suppose we have a curve y given by (3.8). Then in the complex 
plane the points z = o (t), a ^ t ^ p, form a set of points M (y). 
This set differs from the curve, first, in that a curve constitutes an 
ordered set of points. 

Example 3. The curve z = cos t, n ^ t ^ 2ji, is the segment 
[ — 1, 1] oriented in the direction from point z = — 1 to point z = 1 
{Fig. 11). □ 

Example 4 . The curve z = e lt , 0 ^ t ^ ji, is the semicircle 
| z | =1, Im z ^ 0 oriented counterclockwise (Fig. 12). □ 

The other feature that distinguishes curve y from set M (y) is 
that there might be two points on the curve corresponding to one 
point in the plane, namely, if a (£ x ) = a (£ 2 ) at t i t 2 , points z t = 
o (£ x ) and z 2 = or (* 2 ) are different from the standpoint of the 
curve y but coincide in the complex plane. Such points are called 
self-intersection points of a curve. An exception is when the initial 
and terminal points of a curve coincide, namely, if a (a) = a (P), 
then this point is not considered a self-intersection. 

A curve without self-intersection points is said to be simple. 
A curve whose initial and terminal points coincide is called closed. 
(The curves of Examples 3 and 4 are simple and not closed.) 
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Example 5 . The curve z = e u , 0 ^ t ^ 2jt, is the circle | z | = 1 
oriented counterclockwise with the initial and terminal points at 
z = 1. This is an example of a simple closed curve (or Jordan curve 
(Fig. 13). □ 




Fig. 14 



Fig. 15 


Example 6. The curve z = o (t), — n/2 ^ t ^ 2jt, where 

[ — 4, TC^Lt^Z2n % 

is an open (i.e. not closed) curve with a self-intersection at z = I 
(Fig. 14). The points z* = a (0) and z 2 = a (5rt/3) are different points- 
on the given curve although they coincide in the complex plane, 
Z\ — z 2 = 1. □ 

Example 7. The curve z = cos £, — ji ^ t ^ at, is the segment. 
[ — 1, 1] traversed twice, first from point z = — 1 to point z = 1 
and then from point z = 1 to point z = — 1 (Fig. 15). This is an 
example of a closed curve each point of which in (—1, 1) is a self- 
intersection point. □ 

Remark . Two curves, z = (t), a x ^ t ^ p x , and z = o 2 (x) r 

a 2 ^ p 2 , are assumed to coincide if there exists a real function 
t = s (x) that is continuous and monotonically increasing on [oc 2 , p 2 I 
and such that s (a 2 ) = a v s (P 2 ) = p 1$ and o i (s (t)) = a 2 (xju 
a 2 ^ t ^ p 2 . 

Two curves that coincide correspond to the same set of points 
in the complex plane. 

Clearly, the equation of a curve z = o 1 (£), oc ^ t ^ p, can be 
written in the form z = o 2 (t), 0 ^ t ^ 1, by, say, introducing the 
substitution t = a + (P — a) t, which means that o i ( t ) = a 1 (oc 
(P — a) x) = o 2 (t). Thus, without loss of generality, * we can 
write the equation of a curve in terms of a complex valued function 
defined on [0, 1]. 

Example 8 . The equation of the curve considered in Example 3 
can be written as z = £, — 1 ^ t ^ 1, or as z = 2 1 — 1, 0 ^ t ^ 
1. □ 
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Let us take a curve y given by the equation z = o (t), a ^ t ^ p. 
We denote by y 1 the curve that is obtained from y by reversing the 
sense of direction on the latter. We can then write the equation of 
Y ^ 1 as 2 = a (— t), — p ^ t ^ — a. 

The part of a curve y traversed from point z i = o (t { ) to point 
z 2 = o (t 2 ), where t x and t 2 belong to [a, p], is called an arc of curve y 

Let a = t 0 < t x < t 2 < . . . 

. . . <; t n = P and let y k be an 
arc of y traversed from point 
Zft -1 = O (t h .j) to z h = o (t h ), 
k = 1,2,..., ft. We will 
then say that the curve is par- 
titioned into arcs y d , y 2 , ...» 

Y n , or that y consists of arcs 
Yi» Y2» • • • ’ Tn- We will reflect 
this fact by writing y = Y 1 V 2 
... Yn- The broken line with 
the vertices at z h = o (t k )> 
k = 0, 1, . . ft, is said to be inscribed in curve y (Fig. 16). 

Let us consider the totality of all broken lines inscribed in y 
If the set of such broken lines is bounded, y is said to be recti- 
fiable and the least upper bound of the set is called the length 
of y- 

A curve is said to be smooth if we can write its equation in the form 
z = o (t), a^f^p, where the function given by a ( t ) has a con- 
tinuous and nonzero derivative, o' (t) 0 , at each point belonging 

to [a, pi; with a closed curve we must have a' (a) = o' (P). 

A curve is said to be piecewise smooth if it can be partitioned into 
a finite number of smooth curves. A simple example of a piecewise 
smooth curve is a broken line. 

We can write the equation of a piecewise smooth curve as z = a (t) r 
a ^ t ^ p, where the function a ( t ) is continuous and has a piece- 
wise continuous nonzero derivative on [oc, p], i.e. o' (t) ^0 on 
[a, p]. In what follows we will write the equation of a piecewise 
smooth curve via such functions only. 

The geometric interpretation of the derivative of a complex valued 
function is as follows. If a curve y is given by the equation z = o (t) r 
a ^ t ^ p, and at some point t 0 6 [a, pi there is a nonzero deriva- 
tive o' (t) = 7 ^= 0 , then curve y at point z 0 = o ( t 0 ) has a tangent vector 
o' (t 0 ) (see the remark at the end of Sec. 3.1). Consequently, a piece- 
wise smooth curve has a tangent at each of its points except , perhaps, 
at a finite number of them, where the tangents from the right and 
left have limiting positions. Such exceptional points are called 
corner points of the curve. 

The reader knows from the course of mathematical analysis that 
a piecewise smooth curve y: z = o ( t ), f ^ p, is rectifiable 
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•and its length l (y) is given by the formula 

l( Y)= j K (*)l dt, 

a 

since | a' ( t ) | dt = dl is the element of length of curve y. In what 
follows we will consider only piecewise smooth curves. 

Now let us introduce the notion of an unlimited curve. Suppose 
that a complex valued function z = a (t) is given on a ray t ^ a 
and cr (-f-oo) = oo, i.e. a (t) oo and t ->• -{-oo. Then we say that 
we have defined an unlimited curve 

z — o (t), a ^ t <i oo , (3.9) 

while Eq. (3.9) is called the parametric equation of this curve. The 
unlimited curve given by (3.9) is said to be piecewise smooth if for 
each finite |3 ;> a the curve z — a (t), a ^ t ^ |3, is piecewise 
smooth. 

Similarly, we can define unlimited curves when parameter t spans 
the semiaxis — oo < t or the entire real axis. 

We can also write the equation of an unlimited curve (3.9) in the 
following form: z = a 4 (t), a A ^ x < p t , where o i (x) oo as 

x p 4 , with p 4 a finite number. However, for the sake of definite- 
ness we will write the equation of such a curve only in form (3.9). 

3.3 Domains A set D of points of the extended complex plane 
is said to be a domain if it is 

(a) open , i.e. each point belonging to D has a neighborhood that 
belongs to D, and 

(b) connected , i.e. any two points belonging to D can be connected 
by a curve (perhaps unlimited) whose all points belong to D. 

A boundary point of D is a point in any neighborhood of which 
there are points belonging to D and points not belonging to D. The 
set of the boundary points of a domain is the boundary of this domain. 
Joining a domain D and its boundary points results in the closure 
of D denoted by D. 

In what follows we will only consider domains whose boundaries 
consist of a finite number of piecewise smooth curves and isolated 
points. We will also assume that all boundary curves of D are oriented 
in such a way that when a point travels along a boundary curve in 
the direction of this orientation, the domain D is to the left. Here are 
some examples. 

Example 9. The boundary of the domain 0 < | z — a | < e, 
€ >0, consists of point z = a and the circle | z — a | = e oriented 
counterclockwise and traversed only once (Fig. 17). We will call 
this domain the (open) circle \ z — a | < e with point a deleted , 
or the punctured neighborhood of point a. □ 
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Example 10. We will depict the domain | z | < 1, 0 < arg z < 
2jt, as shown in Fig. 18 and call it the (open) circle | z | < 1 
with a cut along the segment [0, 1]. The boundary T of this domain 



Fig. 17 



Fig. 18 


consists of the following parts: the segment [0, 1] traversed from 
point z = 1 to point z = 0 (the lower bank of the cut), the segment 
[0, 1] traversed from point z = 0 to point z = 1 (the upper bank of 
the cut), and the circle | z | = 1 traversed one time counterclock- 
wise. Note that to each point of the half-open interval (0, 1] there 
correspond two different points of the boundary r.Q 

Example 11. The boundary V of the domain 1 < | z | < 2 con- 
sists of two curves, i.e. T = I\ U T 2 , where T i is the circle | z | = 2 
oriented counterclockwise, and T 2 the 
circle | z | = 1 oriented clockwise 
(Fig. 19). □ 

A domain D is said to be bounded if 
there exists a circle K : | z [ < R such 
that D cz K. Examples of bounded 
domains are shown in Figs. 17-19. 

Example 12. The following do- 
mains are unbounded (Fig. 20): 

(a) \z | >1; 

(b) the upper half-plane Imz >0 
with a cut along the segment [0, £]; 

(c) the strip | Im ^ I < l; 

(d) the semistrip | Im z | < 1, 

Re z >0 with a cut along the segment [1, 21. □ 

A domain D in the complex plane is said to be simply connected 
if every closed curve lying in D can be continuously deformed into 
a point without going outside D . A continuous deformation of a curve 
can be given a simple geometric interpretation (Fig. 21) sufficient 
for our purposes, while a strict analytical definition of such a process 
is also possible (see Sec. 3.4). 

Examples of simply connected domains are given in Figs. 18, 
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20 b, and 20c, while the domains in Figs. 17, 19, and 20 d are multiply 
connected. 

For the extended complex plane the definition of a simply con- 
nected domain is the same as for the nonextended, the only difference 



i 


(c) 


Fig. 20 



being that a continuous deformation of a closed curve to point z — oo 
must be considered on Riemann’s sphere. 

Example 13. The following domains in the extended complex 
plane are simply connected: 

(a) | z | > 1 (Fig. 20a); 

(b) the entire extended complex piano; 

(c) z = 7 ^= a (the extended complex plane with point a deleted). □ 

Example 14. The following domains are multiply connected: 

(a) z^= 1, i (the extended complex plane with points 1 and i 
deleted); 

(b) the extended complex plane with cuts along the segments 
[0, 1] and R, 2 /]; 

(c) 1 < | z | < oo. □ 

Domains with piecewise smooth boundaries possess the following 
property: the boundary of a simply connected domain in the extended 
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complex plane consists of only one closed curve (perhaps unlimited) 
or only one point or not a single point (the case of the entire extended 
complex plane). 

At this point we give with- 
out proof a theorem concern- 
ing simple closed curves. 

The Jordan curve theorem 
A simple closed curve (Jordan 
curve) separates the extended 
complex plane into two simply 
connected domains. 

For a limited simple closed 
curve the names of these two 
domains are the interior of 
the curve (the domain that 
does not contain the point at 
infinity) and the exterior of 
the curve. We will say that a 
simple closed curve y is ori- 
ented in the positive sense if a 
point traversing y in the direc- 
tion of this orientation leaves 
the interior of y to the left. 

It is clear that a domain D 
in the complex plane is sim- 
ply connected if and only if 
the interior of each simple 
closed curve lying in D belongs 
entirely to D. One can im- 
agine a simply connected do- 
main as a sheet of paper of ar- 
bitrary shape with, perhaps, 
cuts at the sides but no 
holes inside. 

3.4 Homotopic curves A 
continuous deformation of a Fig. 22 

curve can be interpreted geo- 
metrically (Figs. 21 and 22). Here we will give^a definition of such 
a deformation in a strict analytical manner. 

Suppose that two curves, y 0 : z = o 0 ( t ), 0 ^ t ^ 1, and y x : z = 
W. 0 < * < 1, lie in a domain D and have a common beginning 
at point a = o 0 (0) = o 1 (0) and a common end at point b = a 0 (1) = 
a i (0). We will say that curve y 0 can be continuously deformed 
into curve with the process confined to D , if there exists a function 
(T ( t , s) that is continuous in the square 0 ^ ^ 1, 

and satisfies the following conditions: 
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(1) for each fixed s £ [0, 1] the curve y s : z = o (t, s), 0 ^ t ^ 1, 
lies in D\ 

(2) a ( t , 0) = a 0 (£) and o (£, 1)== (£), 0 ^ ^ 1; 

(3) a (0, s)= a and a (1, s) = b, 0 ^ s ^ 1. 

In particular, if curve y 0 is closed (a = b) and a (t, 1) = a, 
0 ^ t ^ 1, we will say that curve y 0 can be continuously deformed 
into a point, with the process confined to D. 

Curves y 2 and y x are called homotopic in D (notation: y 0 ^ y x 
in D) if we can continuously deform curve y 0 into curve y x without 
leaving D (Fig. 22). A closed curve y in D is said to be homotopic to 
zero in D (notation: y ^ 0 in D) if this curve can be continuously 
deformed into a point with the process confined to D (Fig. 21). 
The following properties hold: 

(a) In a simply connected domain, any two curves with a common 
beginning and a common end are homotopic to each other, while 
any closed curve is homotopic to zero. 

(b) Suppose that the curves y = y x y 2 and y = lie in D. 

/V /V /V 

Then, if y x ^ y 1 in D and y 2 ^ y 2 D, we have y zz y in D. 

(c) The curve yy^ 1 is homotopic to zero in any domain that con- 
tains curve y. 

4 Continuous Functions of a Complex Variable 

Suppose that on a set E in the complex plane z we have defined a com- 
plex valued function w = / (z), i.e. to each point z = x + iy 6 E 
there corresponds a complex number w = u + iv . We can write 
this function in the form / (z) = u ( x , y) + iv (, x , y), where 
u ( x , y) = Re / ( x + iy) and v ( x , y) = Im / (x + iy ). Thus, we 
can think of a complex valued function of a complex number as 
a pair of real valued functions of two real variables. 

4.1 The limit of a function Let a be a limit point of E, i.e. 
every neighborhood of point a contains an infinite number of points 
of E. A function / (z) is said to tend to a limit A as z ->* a over E 
if for every e 0 there is a 6 = 5 (e) > 0 such that for all z 6 E 
that satisfy the condition 0 < | z — a | << 8 the following is true: 

I f (z) — A | < e. 

We then write 

lim / (z) = A, 

z-+ctj z£E 

or / (z) A as z-> a, z 6 E. 

The above definition of the limit of a function is equivalent to 
the following: lim / (z) = A if for each sequence {z n }, z n 6 £\ 

z->a, z£E 
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z n =£ a (n = 1, 2, . . .), that converges to a the sequence {/ (z n )} 
converges to A, i.e. lim / (z n ) = A . For brevity we will often write 

n->oo 

lim / (z) instead of lim / (z). 

z-*a 2->a, z GJB 

Theorem 1 of Sec. 2 implies that the existence of the limit 

lim / (z), with / (z) = u ( x , y) -f iv (x, y) and a = a 4- is 
z-*a 

equivalent to the existence of two limits, lim u (x, y) and 

x-*-a 

y-+& 

lim v (x, y ), with 

x-+a 

y-3 

lim / (z) = lim u (a:, y) — i lim v (x, y). 

z-*a x-+a x^a 

y-+fr 2/-*3 

Limits of functions of a complex variable have the same properties 
as limits of functions of a real variable, namely, if 

lim/(z) = i4 and lim g(z) = B, 

z-*a z-+a 

then 


lim [/ ( 2 ) ± g (z)] = A ± B, lim [/ (z) g (z)] = AB, 

z-+a z-*-a 


lim 

z-*a 


/(«) a 

g (z) B 




In what follows we will often use such symbols as o, and O. 
The table below gives an explanation of these symbols. Here the 
functions / (z) and g (z) are defined on set E , and a is a limit point 
of E. 



Formula 

Explanation 

f(z)~g(z) 

z £ £) 

lim £W= l 
z-a, z6F g(z) 

/ (z) = 0 ( g (z)) 

(«-*«. z£E) 

lim o 

z-a, z 6F gW 

f(z) = 0 {g (z)) 

(z£E) 

The ratio / (z)/g (z) is bounded on E y 
i.e. \f(z)/g(z)\^M, z£E 

/( z) = 0 (g (z)) 

{z z£ E) 

The ratio / (z)/g (z) is bounded in the 
intersection of a neighborhood of 
point a with E. 
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The notation / ( z ) = o (g ( z )) (z -*■ a, z £ E) means that the func- 
tion / (z) is an infinitesimal compared to g (z) with z*-> a, z £ E. 
In particular, the notation f (z) = o (1) (z -+■ a, z £ E) means that 
/ (z) is an infinitesimal with z a, z £ E. 

Similarly, the notation / (z) = O (g (z)) (z ->■ a, z £ E) means 
that the function / (z) is bounded in relation to g (z) with z a, 
z £ E. In particular, the notation f (z) = O (1) (z a, z £ E) means 
that / (z) is bounded with z — >• a, z £ E. 

Formulas of the type f (z) ~ g (z) (z a, z £ E) are called asymp- 
totic formulas , while formulas of the type / (z) = o (g (z)) (z a, 
z £ E) and f (z) = O (g (z)) (z ->• a, z £ E) are called asymptotic 
estimates. 

Clearly the properties associated with~, o, and O for functions 
of a complex variable are the same as for functions of a real variable. 
Often for brevity we will write (z ->* a) instead of (z ->■ a, z £ E). 

Example 1. Let m and n be integers ( m >n). Then z m = o (z n ) 

(z ->- 0), z n = o (z m ) (z oo), and z n = 0 (z m ) (z £ E, E: | z | > 

1 ). □ 

Example 2. Let P n (z) = a 0 z n + a^z 11 ' 1 4 - a q and Q m (z) = 

b 0 z m -j- b^- 1 . . . -j- 6 m , with a 0 =/= 0 and b 0 =/= 0. Then 

Pu ( z ) ~ a o zU ( z °°) an d Q m ( z ) ^ b 0 z™ (z — oo). Here, if 

m >n, then P n ( z)IQ m (z) = o (1) (z -> oo), and if m = n, then 
Pn (z)/0m ( Z ) — a 0 /b 0 (z -» oo). □ 

4.2 Continuity of a function on a set Let a function /(z) be de- 
fined on a set E and let a belong to E. We say that / (z) is continuous 
at point a if for every positive e there exists a positive 6 such that 

| / (z) - / (a) | < e 

for all z £ E that satisfy the condition that | z — a | < 6. 

If point a is a limit point of E, then continuity of / (z) at point a 
means that 

lim / (z) = f (a). 

z-*a 

This definition is equivalent to the following: a function / (z) = 
u ( x ' U) + ^ ( z » y) is sa id 1° b e continuous at a point a = a 4- 
if both u ( x , y) and v ( x , y) are continuous at point (a, P). 

A function / (z) is said to be continuous on set E if it is continuous 
at each point of this set. 

Clearly, the sum, difference, and product of continuous functions 
of a complex variable are continuous, while the quotient of two 
continuous functions, say / (z) and g (z), is continuous at points 
where the denominator is nonzero. 

A composite function in which the constituent functions are con- 
tinuous is also continuous, namely, if / (z) is continuous at point a 
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and F (£) is continuous at point £ = / (a), the function F (/ (z)) is 
continuous at point a, too. 

Example 3. The functions z , Re z, Im z, z, and | z | are continuous 
in the entire complex plane. 

Example 4. The polynomial P (z) = a 0 z n -f- a 1 z n ^ i + . . . + a n 
with complex valued coefficients is a continuous function in the 
entire complex plane. □ 

Example 5. The rational function R (z) = P (z)!Q (z), where P (z) 
and Q (z) are polynomials, is continuous at all points in the complex 
plane where Q (z) 0. □ 

Let us introduce the following definition: a function / (z) defined 
on E is said to be uniformly continuous on E if for every positive e 
there exists a positive 6 such that | / (z 2 ) — / (z 2 ) | < e for any two 
points z 1 and z 2 belonging to E that satisfy the condition | z t — z 2 1 <8. 

Since the uniform continuity on E of a function / (z) = u (x y y) -f- 
iv (, x . y) is equivalent to the uniform continuity on E of the two 
functions u ( x , y) and v (x, y), we can conclude (using the results 
obtained in mathematical analysis) that a function that is continu- 
ous on a closed bounded set is uniformly continuous on this set. 
(Note that a set is said to be closed if all its limit points belong to 
it.) 

In our exposition we will often discuss functions that are continu- 
ous in a domain and in the closure of this domain. The following 
statements hold true: 

(1) A function that is continuous in a domain D is uniformly con- 
tinuous in a domain D x such that cz D . 

(2) If a function is uniformly contiuuous in a bounded domain Z), 
it can be defined at the boundary points of D in such a way that the 
result will be a function continuous in D. 

4.3 Sequences and series A sequence {f n ( z )} is said to be 
uniformly convergent on a set E to a function / (z) if for every positive e 
there is a positive integer N such that 

I in (z) — / (z) I < e 
is valid for all n >» N and all z £ E. 

oo 

The series 2 Sk ( z ) is said to be uniformly convergent on set E 

k=\ 

oo 

if a sequence of its partial sums S n (z) = 2 Sh ( z ) is uniformly con- 

k=i 

vergent on E. 

The following propositions are valid 

(1) Cauchy’s condition for uniform convergence of a sequence 
A sequence {f n (z)} is uniformly convergent on set E if and only if for 
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every positive e there is a positive integer N such that 

I tn (Z) — fm (z) | < e 

for all 71 > iV and m > M and all z £ E. 

(2) Cauchy’s condition for uniform convergence of a series ^4 se- 

oo 

ries ( z ) w uniformly convergent on set E if and only if for every 

k=i 

positive e there is a positive integer N such that 

m 

2 gh (z) <e 

k—n 

for all n > N and m n > N and all z £ E. 

(3) Weierstrass’s condition for uniform convergence of a series 

oo 

If the terms of a series 2 gh ( z ) satisfy the estimate | g h (z) | ^ c h 

k=i 


for all z 6 E> k = 1, 2, . . and the number series 2 c k is convergent , 

k=i 

then the series in question is uniformly convergent on E. 

(4) Let f (z)= lim } n ( 2 ), where the f n (z), n = 1, 2, ...» are COn- 

71-* OO 

tinuous on E. If the sequence {f n (z)} is uniformly convergent on E> 
the function / (z) is also continuous on E. 

(5) Let the g k (z), k = 1, 2, . . be continuous on set E . If 

00 

the series 2 gk ( z ) is uniformly convergent on E, its sum S (z) = 
k= 1 

00 

2 ( z ) a ^ so continuous on E . 

A=1 

4.4 Continuity of a function on a curve We start by taking a 
curve y: z = o (t), a ^ t ^ |3, and a complex valued function 
w = (t) defined on the segment a ^ t ^ |3. This function can be 

considered as a function defined on curve y , namely, to each point 
z t = o ( t ) on y we have assigned a complex number w = \ p ( t ). Thus, 
a function is defined on a curve y if we define the following pair of 
functions: 

z = o (t), w = (t), a ^ t ^ p. (4.1) 

If y is a simple open curve, Eqs. (4.1) define a function w = f (z) 
that is single-valued on the set M of points z — a (t), a t ^ 
of the complex plane in such a way that w = / (a (£)) = \|) (£), 
a < * < p. 
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In general, Eqs. (4.1) also define a function w = f (z) of points 
in the complex plane, but, perhaps, a many-valued function, namely, 
if the curve y has a self-intersection a (£ x ) = a (t 2 ), t 1 =£ t 2 , then at 
point z = a (t ± ) = a (t 2 ) the func- 
tion / (z) may have two different 
values. However, in this case too 
for brevity we will write w=f ( z) = 
f (a (*)), a<2^P, instead of Eqs. (4. 1). 

Let us introduce the following 
definition: a function w = ij) (t), 
a ^ p, is said to be continuous 
on a curve y: z = a (t), oc ^ t ^ p, 
if it is continuous on the segment 
a ^ t ^ P; if curve y is closed, we 
must have ^ (a) = (P). 

The following propositions are va- 
lid: 

(1) If a function is continuous in a domain D, it is continuous on> 
each curve that lies in D. 

(2) If a function is defined in a domain D and is continuous on 
each curve that lies in D, it is continuous in D. 

4.5 Continuity of a function in a domain up to the boundary 
Suppose that a and b are interior or boundary points of a domain D. 
We define the distance between points a and b across D as 

p D (a. b) = inf l (y), 

y 

where l (y) is the length of curve y, and the lower bound is taken 
over all curves y that connect points a and b and lie in D . 

Clearly, p D (a, b) ^ \ a — b | and p D (a, b) = | a — b | if the 
segment l a , b] belongs to D. 

Remark . It is essential that if a and b are different points on the 
boundary of Z>, the distance p D (a, b) is positive even if a and fc 
coincide as points in the complex plane. 

Example 6. Let D be the circle | z | <C 2 with a cut along the seg- 
ment [0, 2] (Fig. 23). Then p^ ( — i> i) = 2 and p D (1 — i, 1 -f- i) = 
2 Y2. If a = 1 is a point on the upper bank of the cut and b= 1 
is a point on the lower bank (Fig. 23), then Pd(^» b ) = 2, Pd(#> 0) = 
1, and p D (a, 1 — i) = 1 + ]/2. □ 

Let us consider a bounded domain D whose boundary T consists 
of a finite number of closed curves T if T 2 , . . ., T^. Suppose that 
a function / (z) is defined in D and on each boundary curve 
k = 1,2, . . ., n. 

Definition . A function / (z) is said to be continuous in a domain D 
up to its boundary T if for each point a that belongs to D or T we have 

lim f(z) = f(a). 
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i\ o 1 1 ' lluil il Lho boundary point a is not a self- intersection point 
mi i hr boundary curve or if a is an interior point of D, then 

lim / (z) = lim f(z). 

p D (z, a )-* 0 z-*a , 26 D 

Example 7 . In the notation of Example 6 we have 
lim / (z) = lim /(z), 

p£>(z, 2i)-*«0 z-+2i, z£D 

lim /(z) = lim /(z). □ 

p£>(Z, 0)->0 2 -. 0 , 26 D 

Thus, if the boundary T of domain D consists of simple closed 
curves, the continuity of a function in D up to T is equivalent to 
the continuity of this function on D. But if the boundary of D is 
not a simple curve, the continuity of a function in D up to V does 
not generally imply continuity of this function on D. 

Example 8. In the domain D of Example 6 (Fig. 23) we consider 
the function / ( 2 ) = ]/~ z = r 1 / 2 ^/ 2 , with z = re i( v and 0 < ip < 2jt, 

defined at each boundary point a of D by / (a) = lim / (z). 

p D (z, a )-*>0 

The function / (z) is then continuous in D up to the boundary. In 
particular, if point z = x >0 belongs to the upper bank of the cut, 
then 

lim /( z) = lim / (z) = / (x+ iO) =Y x. 

p^Cz, oc )-^0 z^x t lmz >0 

Similarly, for a point z = x >0 belonging to the lower bank we 
have / (x — iO) = ~Y x. Hence, f (z) in this example is not con- 
tinuous inZ), i.e. we cannot u paste” the function along the cut in such 
a way that it remains continuous. □ 

4.6 The exponential, trigonometric, and hyperbolic functions 
We start with the exponential function. The function e z of a complex 
variable z = x + iy is defined thus: 

e z = e x+iy = e x (cos y 4- i sin y). 

Hence, 

Re e* = e x cos y and Im e z = e x sin y. 

This definition leads to the following properties of the exponential 
function e \ 

(1) For any two complex numbers z x and z 2 we always have 

e z i+ 2 2 = e z ie z *. 

(2) The function e z is periodic with a period 2jxi: 

e z+2ni e * 9 
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(3) The function e z is continuous in the entire complex plane, 

(4) For any complex number z = x + iy we have 

I e z | = e x , arg e z = y. 

(5) The function e z assumes all values except zero, i.e. the equation 
e z = A is solvable for any nonzero complex number A. If a = arg A, 
all solutions of the equation e z = A are given by the formula 

z = In | A | + i (a -j- 2kzi ), k = 0, ±1, ±2, .... (4.2) 

In particular, if e z = 1, we have z = 2 kni, k — 0, ±1. ±2, . . . . 

Remark. If e z = A, the complex number z is said to be the loga- 
rithm of the complex number A 0 and is denoted by In A . Equa- 
tion (4.2) implies that 

In A = In | A | -f i arg A. 

In particular, In 1 = 2fcru, In (—1) = (2k + 1) ju, and In i = 
{2k 1/2) ni (with k an integer). 

Trigonometric functions. The functions sin z and cos z of a com- 
plex variable z are defined thus: 

sin z = -jr (e iz — e~ iz ), cos z = -|- (e iz -j- e~ u ). (4.3) 

This definition leads to the following properties of sin z and cos z: 

(1) The functions sin z and cos z are continuous in the entire com- 
plex plane. 

(2) The functions sin z and cos z assume all values, i.e. the equa- 
tions sin z = A and cos z = B are solvable for any complex num- 
bers A and B. 

(3) All the formulas of elementary trigonometry, valid for real 
numbers x, are valid for all complex numbers z. For instance, 

sin 2 z -f- cos 2 z = 1 , 

sin 2z = 2 sin z cos z, 

sin (zj + z 2 ) = sin z t cos z 2 + cos z x sin z 2 , 
cos (z t + z 2 ) = cos z x cos z 2 — sin z x sin z 2 . 

<(We will prove the first formula in Sec. 15 (Example 2) in another 
way.) 

In particular, 

(a) sin (z + 2n) = sin z, cos (z + 2jt) = cos z, 

i.e. the functions sin z and cos z are periodic functions with a period 
2 ji, and 

(b) sin ( — z) = —sin z, cos ( — z) = cos z, 

i.e. sin z is an odd function and cos z an even function. 
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(4) For all complex numbers z = x + iy we^have 

4^ — e~y |< |sin z |<-i- (e» + e~») , (4.4) 

4 |e» — e-»K|cos + (4.5) 

Let us prove the validity of (4.4). Combining Eqs. (4.3) with the 
triangle inequality (see Eq. (1.15)), we find that 

4 1 i ei2 i - i e_i2 i |< i sin 2 1 <4 + i e_i2 D- 

This together with the fact that 

\e iz \ = 1 e- y e ix \ = e~ y \ e ix \=e~ y , | e~ iz | = e y 

leads to (4.4). The validity of (4.5) can be proved in a similar manner. 

From (4.4) and (4.5) it follows that as y -*■ oo, the following 
asymptotic formulas are valid (uniformly in x , where z = x -f- iy): 

| sin ^ | ~ | cos z | ~ eM. 


Consequently, the functions sin z and cos z are unbounded in the 
entire complex plane (this also follows from Property 2). 

(5) The following formulas are valid: 

sin {x + iy) = sin x cosh y -f i cos x sinh y, 
cos {x 4- ty) = cos x c ^sh y — i sin x sinh y. 

These formulas (or (4.4) and (4.5)) imply, for one, that 'the equa- 
tions sin z = 0 and cos z = 0 have solutions only when y = 0, i.e. 
only on the real axis. Consequently, all solutions of the equation 
sin z = 0 are given by the formula z = kn, h = 0, +1, ±2, . . 
while all solutions of the equation cos z = 0 are given by the for- 
mula z = ji/2 4- k = 0, ±1, ±2, .... 

The functions tan z and cot z are defined as 


tan 2 


sin z 
cos z 9 


cot z = 


cos z 
sin z 


Properties 1 and 5 imply that the function tan z is continuous at 
2=7^ jt/2 + kn, while the function cot z is continuous at z4 kn, 
with k = 0, 4=1, 4=2, .... 

Hyperbolic junctions. The functions sinh z and cosh 2 are defined as- 
sinh 2 = (e z — e ~~ z ), cosh 2 = — ( e z -\-e ~ z ). (4.6) 


Combining (4.3) and (4.6), we can see that sinh z = — i sin (iz) 
and cosh 2 = cos (iz). Thus, the properties of sinh z and cosh 2 
follow directly from the properties of sin z and cos z. Note, in partic- 



Integrating Functions 


45 


ular, that both sinh z and cosh z are continuous functions in the 
entire complex plane; all solutions of the equation sinh z = 0 are 
given by the formula z = kni, k = 0, +1, ±2, . . while all 
solutions of cosh z = 0 are given by z = (jt/2 + kit) i, k = 0, ±1, 
± 2 , .... 

The functions tanh z and coth z are defined by 


tanh z 


sinh z 
coshz ’ 


coth z — 


cosh z 
sinhz 


The function tanh z is continuous at z ^ (jt/2 -f- kn) i , and the 
function coth z is continuous at z =/= kni, with k = 0, ±1, ±2, 

Note that the formulas for trigonometric and hyperbolic functions 
valid for real x's, are valid for complex z’s. 


5 Integrating Functions of a Complex Variable 

5.1 The definition of an integral We start with a complex val- 
ued function / (z) defined on a curve y. Let us partition y into arcs 
Yi, Y 2 » . • Yn by ^e points z 0 , z it . . z n taken in the order that 
they appear on y, where z 0 is the beginning and z n the end of the 
curve y (Fig. 24). Let l k (k = 1, 2, . . ., n) be the length of the arc y h 
(where z h - x is the beginning and z k the end of the Arth arc) and l = 
max l h . On each arc y h we take a point 6 Ya and build the 

Riemann sum 

S /(£*)(*»— (5.1) 

a=i 

If as l -> 0 the integral sums (5.1) tend to a finite limit that does 
not depend on the choice of points z h and the limit is said to be 
the integral of / (z) along curve y: 

n 

( / (*) dz = lim 2 / (W ( z h — Zft-i). (5.2) 

i l ~° *=i 

Let us write z = x -f iy and f (z) = u (x, y) -f- iv ( x , y) and 
introduce the notation 


z k = x k + iy h , x k — x h = Ax h , y k — y h _ x = A y k , 

= 

Then 

n n n 

2 f (Zk) ( z h — z h-l) = 2 ( u k& x h — v h^yk) J r^ 2 + 

k=i h= 1 A=1 
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where u k = u (E ft , r\ k ) and v k = v r) ft ). Passing to the limit with 
l — >• 0, we obtain 

j f(z)dz= j u dx — v dy + i j v dx-\-udy. (5.3) 

V V V 

Consequently, the existence of the integral j f(z) dz is equivalent 

v 

to the existence of two line-in tegrals of real valued functions, 

j u dx — v dy and j v dx^-udy. 
v v 

If the curve y is given by the equation z = o (t) = l (t) -j- iq ( t) r 



Fig. 24 


a ^ t ^ p, then in (5.3) dx = E' ( t ) dt and dy = r}' (£) dt and, hence, 
3 3 

j f(z)dz= j (ul' — v r]') dt + i j (vl r + uq') dt 
y a a 

3 3 

= j {u + iv) (l' + iq') dt = j / (a ( t )) a' (£) dt. (5.4) 

a a 

Example 1. Suppose / (z) = 1 and a and b are, respectively, the 
beginning and end of curve y. Then the Riemann sum (5.1) is 

n 

S ( z k 2 fe-l) = z i z o~\~ z 2 — Z 1 H - • • • + z n z n-\ ~ z n z 0 = ^ 
k = 1 

whence j dz = b — a. Thus, this integral depends only on the be- 
v 

ginning and end of y and does not depend on the path of integration . 
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o 

In this case we can write ^ dz instead of j dz. In particular, if a = b ,. 

a y 

then j dz = 0, i.e. j dz along any closed curve is zero. □ 
v v 

5.2 Properties of integrals Equation (5.3) implies that a func- 
tion that is continuous on a curve is integrable along the curve. The 
properties of line integrals lead to the following relationships: 

(1) j [af(z) + bg(z))dz = a ( f(z)dz + b j g(z)dz, (5.5) 

V V V 

where a and b are any complex numbers (the linearity of integrals). 

(2) j / (z) dz = — j / (z) dz, (5.6) 

V V -1 

i.e. the reverse of orientation of the curve changes the sign of the 
integral. 

(3) j / (z) dz = j / (z) dz+ j / (z) dz. (5.7) 

ViVi Vi Y* 

Example 2 . We assume that f (z) = z and y is a curve with the 
beginning at point a and the end at point b. Since f (z) = z is con- 
tinuous on y, the integral j z dz is finite and the limit (5.2) does not 

v 

depend on the choice of points z k and £ ft . We put £ h = z k ^. Then 


\ z dz = lim 5, where S = 2 z k-i ( z k — z h- 1 )* Next, if we put 
J i-+ o . , 

V h= 1 

n 

£ h = z h , we obtain \ z dz = lim 5 , where 5 = 2 z k ( z h — z k- 1 )- 
J z-o , „ 

y 

f z dz = -i- lim ( 5 + 5), 


Hence, 


fc=i 


5 + 5= 2 (2 

ft=i 


"A Z t- 1 ) 


= Z 2_ 2 2 +Z 2_ Z 2 + — 2* = & 2 -O a , 


j zdz = -^-(b 2 — a 2 ). 


which yield 
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'Thus, the value of j z dz does not depend on the path of integration, 
v 

In particular, j z dz along any closed curve is zero. □ 
v 

Example 3. Let us evaluate I n = f (z — a) n dz, where n is an 


integer, and C p the circle | z — a | = p, p >0, oriented counter- 
clockwise. 

We write the equation of circle C Q in the form z = a pe u , 
0 ^ t ^ 2n. Then dz = ipe lt dt, and Eq. (5.4) yields 


2n 

I n = ip n+1 J « i<(n+1) dt, 

0 


whence for = - — 1 we have /_ x = 2ni , while for n 1 the New- 
ton-Leibniz formula (see Sec. 3.1) yields 


Thus, 


72 + 1 


P it(n+i) 


t=2n 

t = 0 


= o. 


(z- 


|z-o|«=p 


■a) n dz= f °> n = 0» 1, ±2, ±3, .. 
1 2 ju, n= — 1. □ 


(5.8) 


The following propertv holds: if a series / (z)= 2 fn ( z ) consisting 

h=i 

of functions f n (z) (n = 1,2,...) that are continuous on a curve y 
is uniformly convergent on y, it can be integrated term-by-term, i.e. 

oo 

j / (z) dz = 2 j fn ( z ) dz 

v n=l V 

This follows from (5.3) and the theorem on term-by-term integration 
of a uniformly convergent series consisting of real terms. 

5.3 Estimates of integrals 

Lemma 1 Suppose we have a function f ( z ) continuous on a curve y . 
Then the following estimate is valid : 

j /(z)dz|< j 1/(2) I \dz\, (5.9) 

V V 

where | dz | = [(dx) 2 + (dy) 2 ] 1 ! 2 = ds is the element of length of 
curve y. 
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Proof. We have 

I 2 /(£*)(**-**- i)l<S !/(&0l 

&=1 fc=l 

from which, going over to the limit, we arrive at estimate (5.9). 

Remark . The estimate (5.9) can also be obtained from (5.4) com- 
bined with the inequality (3.6). 

Corollary Inequality (5.9) leads to the following estimate : 

| J /(*)&!< (5.10) 

V 

where M = max | f (z) |, and l (y) is the length of y. 

Lemma 2 Suppose that we have a function f (z) continuous in 
a domain D and a curve y lying in D. Then the integral of f (z) along 
y can be approximated as closely as desired by the integral of f (z) along 
a broken line lying in D , i.e. for every positive e there is a broken line C 
in D such that 



y 



< e. 


(5.11) 


Proof . We will take a domain D 1 such that D 1 a D and curve y 
lies inside D i (the proof that such a domain exists will be given below 
in Lemma 4). By Property 1 of Sec. 4.2, the function / (z) is uniform- 
ly continuous in D i , i.e. for a fixed and positive e there is a positive 6 
such that for all z £D iy £ | z — £ | < 6 the following ine- 

quality holds true: 


l/«-/(G)l<-J- f (5.12) 

where l is the length of curve y. 

Let us partition curve y into arcs y 1? y 2 , . . ., y n by the ordered 
points z 0 , z it . . ., z n in such a way that the length l k of are y h is 
smaller than 6 and the circles | z — z h | < 5 (k = 1,2,..., n) 
belong to D 1 (this can be done in the same manner as in Lemma 4 
which follows). Let C be a broken line with vertices at z 0 , z 1? . . . 
. . ., z n , and c h the segment lz h _^ z h \, with k h — | z k — z h _ t | the 
length of c k (k = 1, 2, . . ., n). 

Since l k is less than 8, we conclude that \ h ^ l k < 6, i.e. arc y h 
and segment c k lie in the circle | z — z h | <C 6 (k = 1, 2, ...» n). 
Hence, in view of (5.12), for all z£y h and z 6 c k the following esti- 
mate is valid: 


1/ ( 2 )“/ ( z h) I 


( 5 . 13 ) 
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Let us now prove (5.11). We have 

n 

] / (z) dz — j f(z)dz= 2 [ j / ( 2 ) dz j /(z)dz] 

V C fc=l y h c h 

n 

= 2 {[) f W dz ~~ ] f ( z *) dz ] — [ J f ( z ) dz ~\ f (^) dz ]} ; 

ft=1 V h Tfe c h y h 

whence, using the fact that 

j / (Zft) dz=^t (z fc ) dz — f (z ft ) (z ft — Zft.j) 

Vft c h 

(see Example 1), we obtain 

I / (z) dz — j / (z) dz 
v c 

n 

< 2 { | j i [/(«) — /(Zft)] l + l j t/(z) — /(Zft)] dz }. (5.14) 

ft=1 Vfe c\ 

Applying to each term on the right-hand side of (5.14) the estimates 
(5.10) and (5.13), we finally obtain 

n 

$ /(z)dz- j /(z)dz|<2 ( 1 lri*+ir x >)<ir x2l < e ■ 

V c 

Lemma 3 Let D be a simply connected bounded domain and T its 
boundary. If a function f (z) is continuous in D up to T, the integral of 
f (z) along r can be approximated as closely as desired by the integral 
of f (z) along a closed broken line lying in D. 

The proof of Lemma 3 is beyond the scope of our book. 

Let us take a multiply connected domain. Let the boundary T 
of a bounded domain D consist of the curves T 1? T 2 , . . T n , i.e. 

n • * 

T = U r h* If a function / (z) is continuous inZ) up to T, the integral 
h = 1 

of / (z) along T can be found from the following expression: 

n 

j/(z)dz = 2 J f(z)dz. (5.15) 

r *=i r ft 

Lemma 3 leads to the following 

Corollary If a function f (z) is continuous in a domain D up to the 
boundary , the integral of f (z) along the boundary can be approximated 
as close as desired by the sum of integrals of f (z) along closed broken 
lines lying in D. 
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Lemma 4 A curve y lying in a domain D can be covered by a finite 
set of circles belonging to D. - ... * 

Proof, Suppose T is the boundary of Z>, and p (y, T) = 

inf | z — £ | is the distance between curve y and the boun- 
zGy, £er 

dary T. From mathematical analysis the reader should know that 

p (v- r ) > 0- 

We partition the curve y into arcs yi> y 2 » • • •» Y* by a sequence 

of points z 0 , z v . . ., z n , where z 0 is the beginning and z n the end 

of y, in such a way that the length lj of arc y j is less than p (y, r)/4: 

^<-|-p(Y. T), / = 1, 2, 

We wish to show that y can be covered by the following sequence of 
circles: 

Kji \z — zj \ < -|-p(Y, T), / = 0, 1, (5.16> 

Indeed, if z 6 y } , then 

\z — z,\^lj< -|-p(Y, r)<-|-p(Y, T), (5.17) 

i.e. the arc yj lies within the circle Kj (/ = 1, 2, . . n). 

Corollary Let D i be the union of all the circles given in (5.16),. 

n _ 

i.e. D 1 = U Kj- Then the curve y lies in D ± and D x c: D , witli 
j=o 

P (y» r x )>p (y, r)/4, where T 1 is the boundary of D x . 

6 The Function arg z 

The function In z was defined in Sec. 4 via the formula In z = 
In | z | + i arg z. In Chap. IV we will show that all the element- 
ary many-valued functions can be expressed in terms of the loga r 
rithmic function. For this reason we must thoroughly investigate 
the many-valued function arg z. 

The properties of the function arg z and especially the properties 
of the variation of this function along a curve (see Sec. 6.2) will be 
widely used starting from Sec. 21. Some of these properties, however, 
we will need in Sec. 13. 

6.1 Polar coordinates As is known, the Cartesian and polar 
coordinates of a point z (z = x -f- iy) in the complex plane are related 
by the formulas 

x = r cos (p, y = r sin (p. (6.1) 

If the polar coordinates (r, (p) of a point are given, the Cartesian 
coordinates ( x , y) are determined in a unique manner from Eqs. (6.1). 
If the Cartesian coordinates (x, y) are known, (6.1) uniquely deter- 
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mine r = (a: 2 -f- */ 2 ) 1/2 , but cp is not determined uniquely, namely, 
the equations 


cos cp = - , sin cp = — ■ 

V^e* + s/ a l /* 2 + y 2 


( 6 . 2 ) 


determine q) = arg z only to within a constant term, 2fcrt, where k is 
an integer. 

This fact (the nonuniqueness of the relation between (x, y) and 
(r, (p)) is not important when we are dealing with single-valued 








functions. But when we are studying many-valued functions (such 
as In z) it becomes important. 

Note that Eqs. (6.1) establish a one-to-one relationship between 
the entire complex z plane and the set {0 < r < oo, — jx < cp ^ 
^ ji} U {r = 0, (p = 0} in the (r, cp) plane. This set is not a do- 
main, i.e. an open connected set, while the complex z plane is. 
One-to-one correspondence can be achieved if, say, we consider the 
semistrip II: {0 < r < oo, — n < <p < ji}. In the complex z plane 
the semistrip corresponds to the domain D 0 : the plane cut along the 
semiaxis (0, oo] (Fig. 25). 

In domain D 0 we will reckon the polar angle cp from the semiaxis 
x > 0 (for a: >0we assume that cp = 0). Then cp will vary from —n 
to n, and to each point z £ D 0 there will correspond only one value 
of cp equal to cp (z). This means that in D 0 we have specified a single- 
valued and continuous function cp (z). This function can be differen- 
tiated an infinite number of times in the variables x and y in D 0 , 
since the mapping (6.1) of the semistrip II on D 0 can be differentiated 
an infinite number of times, is a one-to-one mapping, and its Jacobian 
J = r does not vanish. 

The function cp (z) is determined uniquely by Eqs. (6.2) since 
— n < cp < n. At every point z £D 0 the value of cp (z) corresponds 
to one of the values of the many-valued function arg z (see Sec. 1.4). 
For this reason the function cp (z) is said to be a {single-valued) con - 
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tinuvus branch of arg z, which for brevity we will denote by cp = 
arg z. 

The domain D 0 contains an infinite number of continuous branches 
cp fe (z) of arg z. All are described by the single formula 

cp/i ( z ) — <P ( z ) + 2fcrt, k — 0, ±1» +2, .... 

We can express, via (6.2), the function (p = arg z defined above 
in terms of inverse trigonometric functions: 

arg z = arc tan (y/x) if x > 0, 

arg z = Jt + arg tan (ylx) if x < 0 and y > 0, 

arg z = — n -|- arc tan (ylx) if x < 0 and y <L 0. 

However, in the case of an arbitrary domain there is no simple 




formula that relates a branch of arg z and inverse trigonometric 
functions, since these functions vary either from — n/2 to jt/2 or 
from 0 to n, while the function arg z may vary within any limits. 
A more convenient representation of arg z is the integral represen- 
tation (see Eq. (6.15) below). 

6.2 Variation of the argument along a curve Suppose that we 
have a curve y that does not pass through the point z = 0. We will 
call the angle of rotation of vector z as point z moves along curve y 
from the beginning to the end of y the variation of arg z along curve y 
and will denote it by A Y arg z (Fig. 26). 

Example 1. (a) If y is the line segment with the beginning at point 
1 — i and end at point 1 -f- i, then A Y arg z = n/2 . 

(b) If y + is the semicircle \ z | = 1, Im z ^ 0 oriented counter- 
clockwise, then A v+ arg z — n (Fig. 27). 

(c) If y_ is the semicircle \z\ = 1, Imz^O oriented clockwise, 
then A y _ arg z = — jc (Fig. 27). □ 

Let us derive a formula for determining A v arg z. From (6.1) we 
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have 


dx = cos cp dr — r sin (p di p, dy = sin cp dr -f r cos (p d<p, (6.3) 
whence r d<p = — sin <p dx + cos (p dy. Consequently, 

(icp = d arg z = dy . (6.4) 

Now let us investigate the integral f d arg z. It is equal to the 

V 

difference of the values of arg z at the end and beginning of y, i.e. 
the variation of arg z along the curve, or A v arg z. Consequently, 

A T are 2 =j=^i±fi». (6.5) 

V 

We can write this formula as 

A v argz = Im j , (6.6) 

V 

since 

T_ dz dx + idy —ydx + xdy 

z ~ im x+iy ~ x* + y* ’ 

and the integration variable in (6.6) 
can be denoted by any letter. 

Let us study the properties of the 
variation of arg z. 

(1) Suppose that a curve y can be 
continuously deformed into a curve y ± 
that does not pass through point z = 0 (i.e. the curves y and y x are 
homotopic in the domain 0 < | z | < oo) (Fig. 28). Then we have 



A y arg z = A Vl arg z. 


(6.7) 


Proof . Consider the integral 

^ P dx-\-Q dy, (6.8) 

v 


where the functions P (x t y), Q {x, y), OPtdy, and dQ/dx are con- 
tinuous in domain D and curve y lies in D. In courses of mathematical 
analysis (see Kudryavtsev [1]) the reader will find the proof of the 
following 

Theorem If a domain D is simply connected , then the integral 
(6.8) along any closed curve y lying in D is zero if and only if 


dP _ dQ 
dy dx 


(6.9) 


at every point of D. 

The theorem leads to the following 
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Corollary If in a domain D ( perhaps multiply connected) con- 
dition (6.9) is met and curve y can be continuously deformed into curve 
y i9 with the process confined to D ( i.e . the curves y and y x are homotopic 
in D), then 

[ Pdx + Qdy= j P dx + Q dy. (6.10) 

V Vi 

In (6.10) we put 

P ( x , V) = x^ + y* ’ ^ ^ = x^-j-y* * 

We can now directly verify that these functions satisfy condition 
(6.9) in the domain 0 < | z | < oo. Thus, from (6.5) and (6.10) 
we obtain (6.7). 

Equation (6.7) also follows from the geometric interpretation 
of the variation of arg z along a curve (see Fig. 28). 

Property 1 leads, among other things, to the following: 

(2) Suppose that a closed curve y does not pass through point 
2 = 0 and can be continuously deformed into a point without cross- 
ing point 2 = 0 (i.e. the curve is homotopic to zero in the domain 
0 < | 2 | < oo). Then 

A v arg z = 0. (6.11) 

Note that Eq. (6.7) does not hold for all curves y and y x with 
a common beginning and a common end (cf. Examples lb and lc). 
In the same way (6.11) does not hold for all closed curves y. 

Example 2. If y is the circle | z | = 1 oriented counterclockwise 
and traversed once, then A v arg z = 2jx. □ 

Here are other properties of the variation of the argument. 

(3) If a curve y does not pass through point z = 0, then 

A v arg z = — A v _ x arg z. (6.12) 

(4) If a curve y = y x y 2 does not pass through point z = 0, then 

A VlV2 af g 2 = A vi arg z + A Vz arg z. (6.13) 

The last two properties follows from Eq. (6.6) and the properties 
of integrals (see Eqs. (5.6) and (5.7)). 

6.3 Continuous branches of arg z Suppose D is a simply con- 
nected domain not containing points z = 0 and z = oo. We fix a 
point z 0 and find arg z 0 , one of the values of the argument of z 0 . 
We put 

arg z = arg z 0 -f A v arg z, (6.14) 

where the curve y with the beginning at point z 0 and the end at point 
z lies in D . 

By Property 1 of Sec. 6.2, the variation of the argument, A v arg z, 



56 


Introduction 


does not depend on the shape of curve y, since in a simply connected 
domain any curves with a common beginning and a common end can 
be continuously deformed into each other, with the process confined 



to D (see Sec. 3.4). Consequently, the function given by (6.14) is 
single-valued in D. It is also continuous in D, since we can write 

2 

. i —y dx-\-xdy 4 r v 

arg z = arg z 0 + j .. - y -- + T __ g , (6.15) 

20 

Thus the function given by (6.14) is a single-valued continuous 
branch of the many-valued function arg z in D. 

There is obviously an infinite number of such branches: 

(arg z) h = arg z 0 + A v arg z + 2/m, k = 0, ±1, ±2, . . (6.16) 

i.e. the many-valued function arg z in D splits into single-valued 
continuous branches given by (6.16). This implies that a continuous 
branch of arg z in D is determined solely by the value of this function 
at a single point z 0 £ D. 

Example 3. Let D 0 be the entire complex plane with a cut along 
the ray ( — oo, 0]. We put z 0 = 1 and arg 1=0. Then 

arg z = A v arg z, (6.17) 

where curve y starts at z 0 = 1, ends at z, and lies in D 0 (Fig. 29). 
Obviously, the function given by (6.17) coincides with the function 
(p (z) considered in Sec. 6.1. In particular, we have 

arg x = 0 if x > 0, 

arg ( iy ) = n/2 if y > 0, 

ar g (iy) = — Jt/2 if y < 0, etc. □ 

In Eq. (6.14) the point z 0 can be a boundary point of D . 
Example 4. Let D x be the entire complex plane with a cut along 
the ray [0, +oo), z 0 = 1 a point on the upper bank of the cut, and 
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arg z 0 = arg 1=0. Then 

arg z = A v arg z, (6.18) 

where curve 7 starts at z 0 = 1, ends at z, and lies in D (Fig. 30) 
In particular, we have 

arg (iy) = jx/2 if z/ > 0 , 

arg x = jt if 0 , 

arg (jz/) = 3n/2 if z/ < 0, etc. 

(see Example 3). 

Let us find the values of the function (6.18) on the upper and lower 



Fig. 31 

banks of the cut. At x > 0 we have arg (x + iO) = lim arg (x + iy) = 

y^ + 0 

0; similarly arg (x — i 0) = 2n. Hence, the function given by 
(6.18) cannot be “pasted” along the ray ( 0 , + 00 ) in such a way that 
it remains constant. (The function (6.17) cannot either be pasted 
continuously along the ray ( — 00 , 0).) This, among other things, 
means that in the domain 0 < | z | < 00 we cannot isolate a con- 
tinuous branch of arg z. □ 
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Equation (6.14) shows that the function given by (6.14) is single- 
valued in D if and only if the variation of the argument, A v arg z, 
•does not depend on the choice of curve y, i.e. along any closed curve 
lying in D the variation of the argument is zero. In other words, 
domain D must not contain simple closed curves with point z = 0 
in their interiors, i.e. we must ensure that there is no possibility of 
circling point z = 0 (the same holds for point z = oo). The entire 
complex plane with a cut along an unlimited curve that connects 
points z = 0 and z = oo is such a domain. In it and in any of its 
subdomains the many-valued function arg z can be separated into 
single-valued continuous branches. 

Note that the function given by (6.17) varies between — jt and Jt, 
namely, — jt < arg z << jt, z £ D 0 , while the function given by 
(6.18) varies between 0 and 2jt, namely, 0 < arg z < 2 jt, z^D x . 
But in the case of an arbitrary domain a continuous branch of arg z 
can vary within any limits. 

Example 5. Let D 2 be the entire complex plane with a cut along 
the curve z = (1/jt) e H , 0 ^ t < oo. We put arg 5 = 2n. Then 

arg z = 2 jt + A y arg z, 

where curve y starts at point z 0 — 5, ends at z, and lies in D 2 (Fig. 31). 
In particular, calculating the values of the variation of the argument, 
we find: arg ( — 6) = 3 Jt, arg 7 = 4it, arg ( — 4) = Jt, arg 3 =. 0, 
arg ( — 2) = — Jt, arg 1 = — 2 jt, etc. □ 
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7 Differentiable Functions. The Cauchy-Riemann 
Equations 

7.1 The Derivative Let a (complex valued)Jfunction f(z) be 
defined in a neighborhood of a point z 0 . If the quotient [/ (z 0 -f- Az) — 
f (z 0 )]/Az tends to a finite limit as A z -> 0, then we say that this 
limit is the derivative of / (z) at point z 0 and denote it by /' (z 0 ) and 
call function / (z) differentiable at point z 0 . Thus, 

V (z 0 )= lim /( z o + Az)-/( z „) . (7.1) 

Az-0 Az 

A function is said to be differentiable in a domain if it is differenti- 
able at every point of the domain. 

We put A / = / (z 0 + Az) — / (z 0 ). Then we can write Eq. (1) 
in the following form: 

lim = /'(*,)• (7.2) 

Az-* 0 Az 

This means that for each positive e there exists a positive 8 = 8 (e) 
such that 

IF - f ! <e 

when 0 < | Az | < 8. From (7.2) it follows that 

A / = f (z 0 ) Az + o (Az) (Az 0). 

Conversely, if the increment A / of a function / (z) can be written as 

Af = A Az + o (Az), (7.3) 

with A a complex valued constant independent of Az, then / (z) is 
differentiable at point z 0 , and A = f (z 0 ). 

Thus, Eq. (7.3) is both necessary and sufficient for / (z) to be 
differentiable at z 0 . One result that follows from Eq. (7.3) is that 
a function differentiable at point z 0 is continuous at this point. 

Example 7. The function / (z) = z n (n 1 is an integer) is differen- 
tiable in the entire complex plane since 


lim 

Az-*0 


(g + Az) n — z n 
A z 


■- lim 

Az-*0 


nz n ~ 1 Az J r o (Az) 


= nz 


n - 1 


Az 


(7.4) 
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Therefore, 


(z n y = nz n ~ l . □ 


(7.5) 


From the definition of the derivative and the properties of limits 
it follows that the rules of differentiation of real valued functions of 
a real variable known from courses of mathematical analysis remain 
valid for functions of a complex variable. 

(1) If two functions, say / (z) and g (z), are differentiable at a 
point z, then their sum, product, and quotient (with a nonzero 
denominator) are also differentiable at this point, and 


(/ ± g)' = f ±. g', (cfY = cf (c = const). 

f’g-lg’ (7-6) 


(/*)'=/'*+/*'. ({)' = 


(2) If a function / (z) is differentiable at a point z and another 
function F ( w ) is differentiable at the point w = / (z), then the 
function O (z) = F [f (z)] is differentiable at point z, with 

O' (z) = F' (w) f (z). (7.7) 


Example 2. Formulas (7.5) and (7.6) imply that 
(a) the function / (z) = z™, with m a negative integer, is differen- 
tiable in the entire complex plane except at point z = 0, and (z m )' = 
in particular, 


(b) the polynomial P n (z) = a 0 z n + a 1 z n ~ 1 + . . . + a n -i z + a n 
is differentiable in the entire complex plane, and 

Pn 00 = na^z u - x + (n — 1 ) a^ 71 - 2 + ... + 2a n - 2 z 4- a n ^ x \ 

(c) the rational function R (z) =- P n (. z)/Q m (z) has a derivative 
at all points where Q m (z) =^= 0, and the formula for R' (z) is the same 
as with real x's. □ 

In the definition of the derivative there is a requirement that the 
limit in (7.1) must not depend on the way in which A z tends to zero. 
This imposes restrictions on differentiable functions of a complex 
variable much more stringent than in the case of differentiable 
functions of a real variable. In Sec. 12 we will prove that a function 
that is differentiable in a domain has derivatives of any order in 
this domain. 

In Sec. 4 we noted that continuity of a function of a complex 
variable, say / (z) = u (x, y ) + iv (x, y), at a point z = x + iy is 
equivalent to continuity of functions u and v at point (x, y). How- 
ever, there is no similar statement for differentiability. Precisely, 
the condition that / (z) = u + iv is differentiable imposes additional 
conditions on the partial derivatives of u and v. 
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f!7.2 The Cauchy- Riemann equations 

Theorem \ A function f (z) = u ( x , y) + iv (x, y) is differentiable 
at a point z = x + iy if and only if 

(1) both u ( x , y) and v (x, y) are differentiable at point (x, y); 

(2) at point (x, y) the partial derivatives of u and v satisfy the Cauchy- 
Riemann equations 

du dv du dv 

dx dy ’ dy dx 

For the derivative /' (z) the following formula is true : 

et / \ du , . dv dv . du 

7 ' Z ' dx ^ 1 dx dy 1 dy 

Proof. Necessity. Suppose / (z) is differentiable at point z. Then 
in view of Eq. (7.3) we have 

A/ = /' (z) Az + e (p), (7.10) 

where e (p) = o (p) as p — 0. Here p se | Az | = [(Aj;) 2 + (Ay) 2 ] 1 / 2 . 
Since e (p) is complex valued, we can write e (p) = (p) + (p), 

where e x (p) and e 2 (p) are real valued. Since e (p)/p 0 as p 0, 

we find that e x (p)/p — 0 and e 2 (p)/p ->■ 0 as p 0; whence 

6i (p) = o (p), e 2 (p) = o (p) (p 0). (7.11) 

We introduce the notation A/ = Aa + i &v and /' (z) = A -f iB. 
Substituting this into Eq. (7.10), we obtain 

A u -f- i Av = (A -|- iB) (Ax -f- i Ay) -j- 8^ -j- is 2 . (7.12) 

Collecting the real and imaginary parts on both sides, we obtain 
Au = A Ax — B Ay + e x , Av = B Ax + A Ay + e 2 . (7.13) 


(7.8) 

(7.9) 


This proves that the functions u and v are differentiable 

(*, y)- 

From Eqs. (7.13) we find that 


A 


du 
~dx » 




A 


dv 
~dy ’ 


at 


point 


from which the Cauchy-Riemann equations and Eq. (7.9) follow 
immediately since /' (z) = A + iB. 

Sufficiency . Let us assume that the functions u (x, y) and v (x, y) 
are differentiable at point (x, y) and conditions (7.8) are met. Then 
Eqs. (7.13) hold, with e 1 = o (p) and e 2 = o (p). Multiplying the 
second equation in (7.13) by i and adding the product to the first 
equation, we obtain 


Au -f i Av = A Ax — B Ay + i (B Ax 4- A Ay) -f- e x -F 
or 

Af = (A + iB) (Ax + i Ay) + e x + ie 2 , 



62 Regular Function* 


or 

A f = (A + W) A z + e (p), 


where e (p) = o (p). From this, in view of (7.3), follows the differen- 
tiability of / (z) at point z. The proof of the theorem is complete. 

Example 3. (a) The function e z = e x cos y + ie x sin y is differenti- 
able in the entire complex plane since 


du 

dx 


—■ e cos y~-r- 


du 
dy 9 


Equation (7.9) then yields 


du 

~dy 


— e x sin y = 


dv 
dx * 


/ z\/ du . . du x , • v • 

(«) + 1 -^ = e x cosy + ie x smy = e-. 


i.e. 

(e z Y = e z . (7.14) 

(b) The functions sin z, cos z, sinh z, and cosh z are differentiable 
in the entire complex plane, and their derivatives are given by the 
following formulas: 

(sin z)' = cos z, (cos z)' = — sin z, (7.15) 

(sinh z)' = cosh z, (cosh z)' = sinh z. (7.16) 


(c) Let us consider the function z 2 = x 2 — y 2 — i2xy. We have 
duldx = 2a;, duldy — — 2y, dvldx = — 2z/, and dvldy — - — 2a;. Con- 
ditions (7.8) are met only at point a; = y = 0. This means that z 2 
is differentiable only at point z = 0. C 

We write z = re i( L Then f (z) = u (r, cp) •+ iv (r, cp), and the 
Cauchy-Riemann equations in polar coordinates are 

du 1 du du 1 du 

dr r di p 9 dr r dcp 

Hence, 

c, , v r /'du , . dv \ 1 f dv . . du \ 


(7.17) 

(7.18) 


Example 4. Let D be the complex z plane with a cut along the 
positive real semiaxis. 

(a) The function Y z = Y re i<p/2 , where z = re^ y 0 < (p < 2it, 
satisfies conditions (7.17), which means that V z is differentiable 
in D . Equations (7.18) yield (Y z) f = (2 j/Ve^/ 2 )- 1 , i.e 




i 

2/z* 


(7.19) 


(b) The fanction kiz = lnr-fi(p(z~= re u p, 0 < cp < 2 ji) satisfies 
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conditions (7.17), and 

(In z)' = -i-. □ (7.20)' 

7.3 Conjugate harmonic functions Suppose a complex valued 
function / (z) = u -f iv is differentiable in a domain D and, in 
addition, let the functions u and v have continuous partial deriva- 
tives up to second order inclusive. Then, if we differentiate the first 
equation in (7.8) with respect to x and the second with respect to y,. 
we obtain 

d 2 u _ d 2 v d 2 u __ _ d 2 v 

dx 2 dx dy 9 dy 2 dy dx 


Adding these equations and bearing in mind that the mixed deriva 
tives are equal because of their continuity, we obtain 


Similarly we obtain 


d 2 u . d 2 u 
~dx 2 "^~~dy 2 ‘ 

d 2 v d 2 v 
dx 2 ‘ dy 2 


(7.21). 


A real valued function of two real variables that in a domain has; 
second-order continuous partial derivatives and satisfies Eq. (7.21)> 
is said to'be harmonic in this domain, while Eq. (7.21) is known as 
Laplace differential equation. 

Earlier we noted that a function that is differentiable in a domain 
has, in the same domain, derivatives of all orders. Hence, the function 
possesses continuous partial derivatives of any finite order. For this 
reason the real and imaginary parts of a function / (z) = u + iv - 
that is differentiable in a domain are harmonic in this domain. 

A pair of harmonic functions u (x, y) and v (x, y) related through 
the Cauchy-Riemann equations is said to be conjugate harmonic. 
Thus, the real and imaginary parts of a function that is differenti- 
able in a certain domain constitute in this domain a pair of conjugate 
harmonic functions. 

Conversely, if a pair of conjugate harmonic functions u (#, y) and 
v (, x , y) are given in a domain D, then, in view of Theorem 1, the 
function / (z) = u -f iv is differentiable in D . We have thus arrived 
at the following 

Theorem 2 A function f (z) = u + iv is differentiable in a domain 
D if and only if the functions u (x, y) and v (x, y) constitute a pair of 
conjugate harmonic functions in the same domain. 

If in a simply connected domain we know one of the functions,. 
u or i;, the other can be found. 

Theorem 3 For each function u ( x , y) that is harmonic in a simply 
connected domain D there can be found the conjugate harmonic function*. 
which is defined to within an arbitrary constant term. 



64 Regular Funotions 


Proof . Since by hypothesis u (x, y) is a harmonic function in a 
simply connected domain D, we have 

d / du \ d / du \ 

dy [ dy ) dx \ dx ) 9 

which means that — ( du/dy ) dx + (du/dx) dy is the total differential 
of a single-valued function v (. x , y) defined to within an arbitrary 
constant term C through the following formula (see Sec. 6.2): 

(*, y) 

*(*.?)= J — dx + ^dy + C, (7.22) 

<*0. i/o) 

where (x 0 , y 0 ) 6 D and ( x , y) £ D (the value of the integral in (7.22) 
does not depend on the curve that connects points (x 0 , y 0 ) and (z, y) 
but solely on point ( x , y) if point (x Q , y 0 ) is fixed). 

Formula (7.22) yields 

dv du dv du 

dx dy 9 dy dx 9 

which implies that v (x, y) is a harmonic function in D and conjugate 
to u (x, y), i.e. u and v constitute a pair of conjugate harmonic 
functions. 

Theorems 2 and 3 imply that if a harmonic function u (x, y)' is 
defined in a simply connected domain D, then we can find, to within 
a constant term, a function / ( z ) = u + iv that is differentiable in 
D. In other words, we can reconstruct a differentiable function from 
its real or imaginary part in a simply connected domain. If D is 
multiply connected, then the function v defined via (7.22) as well 
as the function f (z) = u + iv may prove to be not single-valued. 

Note that in reconstructing the function v (x, y) from the function 
u (x, y) (or vice versa) it often proves more convenient to use the 
Cauchy-Riemann equations directly instead of formula (7.22) (see 
the example below). 

Example 5. Find the differentiable function / (z) if 
Re / (z) =« u (x, y) =* y 3 — 3 x % y. 


The function u = y 3 — 3x*y is harmonic in the entire complex 
plane. We have 


whence 
This yields 


dv 

~dy 



v = —3 xy* + g (x). 


-£- = - 3 y* + g' (x). 


(7.23) 

(7.24) 
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On the other hand, in view of (7.8) we have 

|| = - 1F = -3ff ! + 3j*. (7.25) 

If we now compare (7.24) with (7.25), we will see that g' (x) = 3x 2 , 
whence g (, x ) = x 3 + C, where C is a real constant. Equation (7.23) 
then yields v = — 3 xy 2 + x 3 + C. The sough t-f or function is 

f (z) = u + iv = y 3 — 3 x 2 y + i (x z — 3 xy 2 ) + iC = i (z 3 + C ), 

and this function is differentiable in the entire complex plane. □ 

7.4 The concept of a regular function We will now introduce 
a concept basic to the theory of functions of a complex variable, the 
concept of a regular function. 

Definition 1. Let us assume that we are dealing with a function 
/ (z) that is defined in a neighborhood of the point z = a (a =£ oo) 
and can be expanded in a power series 

/(*)- 2 c n (z-a) n (7.26) 

n=0 


that is convergent in the neighborhood of point z = a (i.e. in the 
circle | z — a | < p, with p positive). Then f (z) is said to be regala 
at point z = a. 

A function is said to be regular in a domain if it is regular at 
every point of this domain. 

Theorem 4 If a function f (z) is regular at a point z = a, then 
it is differentiable at this point . 

Proof. By hypothesis, the power series in (7.26) is convergent in 
a neighborhood of point a, which implies that / {a) = c 0 . We con- 
sider the quotient 


/ (z) — f(a) __ / (z) — c 0 
z — a z — a 


S c„(z — a)”- 1 . 

71= i 


(7.27) 


Since the series in (7.27) is uniformly convergent in the circle 
| z — a | ^ p x < p, its sum is continuous in this circle, and in the 
right-hand side of (7.27) we can pass to the limit term-by-term (a ful- 
ler exposition of the theory of power series will be given in Sec. 11) 
as z-> a, with the limit being equal to c x . Therefore, the left-hand 
side tends to a limit, too, as z a, i.e. we have /' (z) = c x . 

Remark 1. In Sec. 12 we will show that a function that is differen- 
tiable in a domain is regular in the same domain. 

oo 

1 ■ 

Example 6 . The function -j— — =2 ^ re £ u l ar at point 

71=0 

z = 0 (the series is convergent in the circle | z | < 1). □ 


S— 01 641 
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Definition 2. Let a function / (z) be defined in a neighborhood of 
a point at infinity and suppose we can expand it in a power series 

/M=S (7-28) 

71=0 

that is convergent in a neighborhood of point z = oo (i.e. in a domain 
| z | > R). Then / (z) is said to be regular at the point at infinity. 

Remark 2. Definition 2 implies that a function f (z) is regular at 
point z = oo if and only if the function g (£) = / (1 It) is regular 
at point S = 0. 

Example 7. The function / (z) = z/(z — 1) is regular at point 
z = oo since the function g (t) = / (l/£) = 1/(1 — £) is regular 
at point £ = ().□ 

8 The Geometric Interpretation of the Derivative 

8.1 The concept of univalence In Sec. 4 we introduced the con- 
cept of a function of one complex variable. This concept can be 
given the following geometric interpretation. 

Suppose we have defined a function w = f (z) on a set E in the 



complex z plane. We denote by E' the set (range) of the function's 
values in the complex w plane (see Fig. 32). We have thus defined 
a mapping of set E onto set E\ Point w £ E' is called an image 
of point z 6 E and point z the preimage of point w in the mapping 
w = f (z). 

It may happen that some points of E' have not one but several 
preimages, i.e. the mapping w = / (z) may be not a one-to-one map- 
ping. If the mapping w = f (z) is one-to-one, the function / (z) is 
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said to be univalent. Here is a more detailed definition of univalence. 

Definition 1. The function w = / (z) is said to be univalent on a set 
E if at different points of E it assumes different values. 

The mapping w = f (z) performed by a univalent function is one 
to-one and is called a univalent mapping. 

Obviously, a function w = / (z) is univalent on a set E if for any 
two points z ± and z 2 of this set the fact that / (z x ) = / ( z 2 ) is true if 


© © © 



Fig. 33 

and only if z t = z 2 . In other words, the function w = / (z) is uni- 
valent on a set E if this set does not have a single pair of points z t 
and z 2 such that / (z x ) = / (z 2 ). 

The definition of univalence implies that if a function is univalent 
on a set E and if E 1 c= E, this function is univalent on E x , too. 

The result of several univalent mappings performed in a sequence 
is a univalent mapping, i.e. if a function £ = / (z) is univalent on 
a set E (E ->■ E ± ) and another function w = g (£) is univalent on 
Ei {E x -*E 2 )j the function w = g [f ( z )] is also univalent on E 
(E-+E 2 ) (see Fig. 33). 

If the mapping w = / (z): E E' is univalent, each point w 6 E' 
has corresponding to it one and only one point z 6 E such that 
/ (z) = w. This is also a definition on E f of a function z = h (w) that 
is the inverse of / (z). Obviously, we can write 

/ [h (h>)] e w , w 6 E'; h If (z)] == z, z 6 E. 

A function w = f (z) defined on a set E and mapping E on E 9 is 
univalent on E if and only if the inverse function z = h (w) is single- 
valued on E 9 . 

8.2 Examples of univalent mappings 

Example 1. The linear function 

w = / (z) = az -f by 


( 8 . 1 ) 
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where a and b are complex valued constants (a =^= 0), is univalent 
in the entire complex plane since the inverse function 

z = h (w) = w b - (8.2) 

is single-valued. 

The function given by (8.1) maps the extended complex z plane 
onto the extended complex w plane in a one-to-one manner. The 



point z = o o in the process of this mapping is mapped into point 
iv = o o, while the relationship between the finite points in the 
complex z and w planes is given by formulas (8.1) and (8.2). 

Let us study the case where b = 0. Then 

w = az, (8.3) 

whence 

| w | = | a | | z |, arg w = arg a -f arg z. (8.4) 

Equations (8.4) imply that the mapping (8.3) corresponds to a 
stretching or contraction of the entire complex z plane by a factor 
| a |, with the center of similitude at the origin of coordinates, 
together with a rotation of the plane as a whole about point z = 0 
through the angle a = arg a. Under the mapping (8.3) the ray arg z = 
<p is mapped into the ray arg w = cp -f a and the circle \ z \ = r 
into the circle | w | = | a | r (see Fig. 34). Under such a mapping the 
circle | z | < R is mapped into the circle | w | < | a | R. 
mi I a |=1, i.e. a = e ia , the mapping (8.3) corresponds to a 
rotation of the entire complex z plane through the angle a. For 
instance, the mapping w = iz is the rotation through the angle jt/ 2, 
while the mapping w = — z is the rotation through the angle jt. 

The mapping (8.1) is a combination of the following mappings: 

£ = | a | z, t = £e iar s a , iv = t + b. 
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Hence, the mapping w = az 4- b corresponds to the following se- 
quence of mappings: 

(a) stretching or contraction by a factor | a | of the complex z 
plane (with the center of similitude at point z = 0); 

(b) rotation of the entire complex £ plane through the angle 
a = arg a about point £ = 0; 

(c) translation of the complex t plane through the displacement 
vector b. □ 

Example 2 . The function 

w = ± (8.5) 


maps in a one-to-one manner the extended complex z plane onto the 
extended complex w plane (the inverse function z = Hw is single- 



valued). Point w = 00 corresponds to point z = 0, while point 
w = 0 corresponds to point z = 00. The ray arg z = (p is mapped by 

(8.5) into the ray arg w = — ( p, the circle | z | = r into the circle 
| w | = 1/r, and the circle | z | > R onto the domain | w | > HR. □ 

Example 3. Let us consider the function 

w = z 2 . (8.6) 

If z\ = z\, then either z K = z 2 or 

Zi = —z 2 . (8.7) 

Two points related through (8.7) are symmetric with respect to the 
origin of coordinates. Hence, the function w = z 2 is univalent in 
a domain D if and only if this domain has not a single pair of points 
symmetric with respect to point z = 0. For instance, the function 

(8.6) is univalent in the upper half-plane Im z >0. 

Let us take the ray arg z = a, with 0 <a < jx, which lies in 
the upper half-plane (Fig. 35). The mapping (8.6) maps this ray 
into the ray arg w = 2a. We rotate the ray arg z = a by conti- 
nuously increasing a from 0 to jx. Then the ray arg w = 2a, which is 
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the image of arg z = a, will rotate counterclockwise. If the ray in 
the z plane rotates through the upper half-plane, its image will rotate 
through the entire complex w plane. In the process the rays arg z = 0 
and arg z = jt, which constitute the boundary of the domain Im z > 
0, will be mapped into the* rays arg w = 0 and arg w = 2jx, 


Fig. 36 

respectively. Geometrically these last two rays coincide with the 
positive real semiaxis in the complex w plane. To ensure that the 
mapping (8.6) is one-to-one not only inside the domain Imz >0 
but on its boundary as well, we will cut the complex w plane along 
the positive real semiaxis and assume the ray arg z = 0 (i.e. the 
positive real semiaxis in the complex z plane) is mapped onto the 
upper bank of the cut, while the ray arg z = t c is mapped onto the 
lower bank. 

Thus, the function w = z 2 is univalent in the upper half-plane and 
maps this domain onto the complex w plane with a cut along the 
positive real semiaxis (Fig. 35). We note that the function w = z 2 
maps the semicircle z = pe iQ , 0 ^ 0 ^ ji, into the “open” circle 
| w | = p 2 (points Wi = p 2 and w 2 = p 2 e 2ni , which are the images 
of the points z 1 = p and z 2 = pe iJX = — p, coincide but lie on differ- 
ent banks of the above-mentioned cut). 

The function w = z 2 is also univalent in the lower half-plane and 
maps the domain lmz<0 onto the complex w plane with a cut 
along the positive real semiaxis (Fig. 36). Under this mapping the 
rays arg z = n and arg z = 2jt, which constitute the boundary of the 
domain Im z < 0, transform into the upper and lower banks of the 
cut, respectively. Indeed, the ray arg z = jx + 6 (with 6 a small 
positive quantity), which is adjacent to the ray arg z = jx, is mapped 
into the ray arg w = 2n +26, which lies above the upper bank 
of the cut. Similarly, the ray arg z = 2n — 5 is mapped into the 
ray arg w = 4jt — 26, which lies below the lower bank. 

Note that the function w = z 2 maps the right half-plane, Re z >0, 
and left half-plane, Re z < 0, into the complex w plane with a cut 
along the negative real semiaxis (Fig. 37). □ 

Example 4. Let us take the mapping 


arg 0 ^ z=2n-b ~~ 




w = e z . 


( 8 . 8 ) 
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We wish to find the condition that a domain D must satisfy so that 
this mapping is univalent (in this domain). If e z i = e 2 *, i.e. e z i~ Z2 = 
1, then (see Sec. 4.6) 

z i — z 2 = 2kni ( k = 0, ±1* ±2, . . .). (8.9) 



Fig. 37 


© 


Hence, the mapping (8.8) is univalent if and only if the domain D 
it maps has not a single pair of different points satisfying condition 
(8.9). For instance, the mapping 
w = e z is univalent in the hori- 
zontal strip a <Im z <C & , 0 < 
b — a ^ 2jt. 

Let us take the strip D t : 

0 < Im z <C 2n (Fig. 38). The 
function (8.8) maps the straight 
line z = x -f iC, with C fixed 
and lying between zero and 2 n 
and — oo <^ < — j— oo , a line 
parallel to the real axis and 
lying within the strip D t , into 
the straight line w = e x + iC = 
e x e iC , i.e. into the ray 
arg w = C. We will move the 
straight line z = x -f -iC paral- 
lel to the real axis and conti- 
nuously increase C from 0 [to 2 ji. Then the ray arg w — C, which is 
the image of the straight line z =x + iC, rotates counterclockwise 
and describes the entire complex w plane. The straight lines z = x 




( — oo < x < oo) and z = x -f- i2jx, which constitute the boundary 
of the strip D v will be mapped onto the rays arg w = 0 and arg w = 
2jt, respectively. 

Thus, the function w = e z , which is univalent within the strip 
0 < Im z < 2ji, maps the strip onto the complex w plane with a 
cut along the ray [0, +oo) in such a way that the lower edge of the 
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strip is mapped into the upper bank of the cut, while the upper edge 
of the strip is mapped into the lower bank. 

Note that the function (8.8) maps the segment z = C 1 + iy 
(C ± fixed and 0 ^ y ^ 2n) lying in D 1 parallel to the imaginary axis 
into the “open” circle w = e c ^e iy (0 ^ y ^ 2n) with radius e°i 
(point = <? c i on the upper bank of the cut corresponds to point 



z i = C v while the point w 2 = e c ie 2ni > which geometrically coin- 
cides with point w t and lies on the lower bank, corresponds to point 
z 2 ~~ — }— 2j xi). 

By reasoning along similar lines we can show that the strip D 2 : 
2n < Im z < 4jc is mapped by the function w = e z onto the complex 
w plane with a cut along the ray [0, -f-oo) in such a way that the lower 
edge of the strip D 2 is mapped into the upper bank of the cut and the 
upper edge into the lower bank. Similarly, it can be found that the 
function w = e z is univalent in each strip D k : 2 (k — 1) n <C 

Im z< 2/ctc (with k an integer) and maps each strip onto the 
complex w plane with a cut along the ray [0, +oo). □ 

8.3 The concept of conformal mapping 

(1) Preservation of angles between curves. Let a function w = f (z) 
be differentiable in a neighborhood of a point z 0 and suppose that 
/' (z 0 ) 0. Take a smooth curve y: z = a (t), a ^ t ^ p (Fig* 39) 

passing through the point z 0 = o (£ 0 ), t 0 6 (a, |3). Suppose that 0 
is the angle between the tangent to curve y at point z 0 and the positive 
dir ction on the real axis (the tangent is assumed to be directed in 
the same direction as the curve). Then 0 = arg o' (to). 

Now suppose that y' is the image of y created by the mapping 
w = / ( 2 ), .e. y : w = w (t) = f [o (£)], a ^ t ^ p, and w 0 is the 
image of z 0 , i.e. w 0 — f [o (^ 0 )] = / (z 0 ). According to the rule of 
differentiation of a composite function, 

w’ (to) = f (*o) (to)- 


( 8 . 10 ) 
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Since by hypothesis f ( z 0 ) =^= 0 and o' ( t 0 ) 0 (see Sec. 3), we 

conclude that w' (t 0 ) =^= 0, i.e. curve y f has a tangent at point u? 0 . 

Suppose that arg w* ( t 0 ) = 0'. Then (8.10) yields 

0' = arg w' (t 0 ) = arg /' (z 0 ) + arg a' (t 0 ), 

i.e. 

0' = 0 + arg /' (z 0 ). (8.11) 

The quantity a = 0' — 0 is called the angle of rotation of curve y 
at point z 0 under the mapping w = f ( z ). From (8.11) it follows that 
if /' (z 0 ) = 7 ^= 0, the angle of rotation at point z 0 does not depend on the 
type of curve and is equal to arg f (z 0 ), i.e. all curves passing through 
point z 0 are rotated under the mapping w = f (z) (/' (z 0 ) =^= 0) through 
the same angle, equal to the argument of the derivative at point z 0 . 

Thus, the mapping w ~ f (z), where f (z) is a function that is 
differentiable in a neighborhood of point z 0 and whose derivative 
at this point is not zero, preserves the angles between curves that 
pass through point z 0 not only in magnitude but also in sense 
(Fig. 40). 

Example 5 . Find the angle of rotation a under the mapping 
w = / (z) at point z 0 . 


(a) f(z) = - — , with Im z 0 = y 0 ^> 0. Then 

Z — Zq 


/'(*) 


Zq Z q 

(z — z 0 ) 2 


r ( 2 0 )= 


i 

2 i Im Zq 


a = arg f (z 0 ) = — -J • 


2 y„ ’ 


(b) / (z) : 


Z — Zq 


1 —ZZ 0 


, with | z 0 | < 1. Then 


/'(*)= 


1 —ZqZ 0 


’ ^ ^ 1- I Z 0 I 2 >0, 


(1 — zz 0 ) 2 

a = arg /' (z 0 ) = 0. □ 


(2) Constancy of stretching. Let a function w = f (z) be differentiable 
in a neighborhood of a point z 0 and suppose f (z 0 ) =^= 0. We consider 
a point z on curve y lying close to point z 0 (Fig. 41). We introduce* 
the notation A z = z — z 0 and A w = f (z) — f (z 0 ) = w — w 0 . The 
definition of the derivative yields 

= (z 0 )4-e(Az), where s(Az)-^0 as Az->0, 


lim ■sr = 1 » 

Az-0 az 


whence 
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or 

I Au> | = | /' (z 0 ) | | Az 1 + o (| Az |), (8.12) 

Suppose that \ z — z 0 \ = | Az | = p, with p small. Then from 
(8.12) we find that the circle | z — z 0 | = p is mapped under the 



.mapping w = f (z) into a curve that differs little from the circle 
\w — w 0 \ = p \ f- (z 0 ) |. 

In other words, the function w = / (z) stretches the circle | Az | < p, 



to within infinitesimals of an order higher than Az, by a factor 

i r (*o) i. 

The quantity lim = k is called the linear stretching of curve 

Az-0 

y at point z 0 under the mapping w =/ (z). Hence, the linear stretch- 
ing at point z 0 does not depend on the type of curve or its orienta- 
tion and is equal to | /' (z 0 ) |. 
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(3) The definition of conformal mapping. Suppose a function / ( z ) 
is defined in a neighborhood of a point z 0 . 

Definition 2 . The mapping w = / (z) is said to be conformal at point 
z 0 if it preserves the angle between any two curves passing through 
this point and if the linear stretching at this point is constant. 

The above results indicate that if / (z) is differentiable in a neigh- 
borhood of point z 0 (is regular at point z 0 ) and f (z 0 ) =7^ 0, the map- 
ping w = / (z) is conformal at point z 0 . 

Remark 1 . The condition that the derivative of / (z) at z 0 be non- 
zero means that the Jacobian of the mapping w = / (z) at point z 0 
is nonzero, too. Indeed, the mapping w = / (z) = u + iv is equiva- 
lent to the mapping 

u = u (x 9 y), v = v (x, y). (8.13) 

The Jacobian of (8.13) is 

du dv dv du 

dx dy dx dy * 

Employing the Cauchy-Riemann equation (7.8), we obtain 

Since f (z) = (< du/dx ) + i ( dvldx ), we find that 

J = I /'(*) I 2 . (8.14) 

Thus, J (z 0 ) =4= 0 if /' (z 0 ) =7^= 0. 

Definition 3 . Let a function / (z) be univalent in a domain D 
and let the mapping w = / (z) be conformal at each point of D. 
Then we simply say that the mapping w = f (z) is conformal. 

Definitions 1 and 2 together with the properties of the derivatives 
imply that if a function / (z) (i) is differentiable in a domain Z), 
(ii) is univalent in D y and (iii) has a nonzero derivative in D, then 
the mapping w = / (z) is conformal. 

Note that condition (iii) follows from conditions (i) and (ii) (see 
Sec. 31). 

Examples of conformal mappings were given in Sec. 8.2. The 
linear mapping w = az -j- b (a =7^ 0) is conformal in the entire 
complex plane. The function w = z 2 performs a conformal mapping 
of the upper half-plane Im z > 0 onto the complex plane with a cut 
along the ray [0, +00). Finally, the mapping w = e z is conformal 
in the strip 0 < Im z < 2n. 

We will study conformal mappings in greater detail in Chap. IV. 

Remark 2. If a function / (z) is regular at a point z 0 but /' (z 0 ) = 0, 
the mapping w = f (z) is not conformal at z 0 . Let us clarify this 


du 

du 

dx 

dy 

dv 

dv 

dx 

d y 
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point using the function f (z) = z 2 as an example. At point z 0 = 0 
the derivative of z 2 vanishes (/' (z) = 2 z). Take two rays that start 
at point z = 0, say arg z = a and arg z = |3. The function w = z 2 
maps these rays into two rays, arg w = 2a and arg w = 2|5. The 
initial rays form an angle of P — a, while their images form an angle 
of 2 (p — a). We see that at point z = 0 all angles are doubled, i.e. 
the mapping w = z 2 at point z = 0 is not conformal. 

(4) The area of the image of a domain and the length of the image 
of a curve. Suppose we are dealing with a function w = f (z) that 
conformally maps a domain D onto another domain D f . Then the 
Jacobian of this mapping is / = | f (z) | 2 and the area of D' is 

S {D')= j { dudv= ( j \J I dxdy= j j | /' (z) | *dxdy. 

D r * D D 

Suppose y is a curve lying in D and y' is its image under the mapping 
w = / (z). Then the length of y r is 

l(v')= j \ cLw\= j |/'(z) | \ dz\. 

7' V 

Remark 3. Here is the geometric interpretation of (8.14). As shown 
in courses of mathematical analysis, the value of | / |, where J is 
the Jacobian of the mapping (8.13), is the coefficient of stretching 
of areas under mapping (8.13), i.e. the mapping w = / (z) = u + iv. 
As shown earlier, the linear stretching under the mapping w = / (z) 
does not depend on direction and is equal to | /' (z 0 ) |. Hence, the 
coefficient of stretching of areas is | f ( z 0 ) | 2 . 

9 Cauchy’s Integral Theorem 

In this section we will prove Cauchy’s integral theorem, which is one 
of the most important results of the theory of functions of a complex 
variable. 

9.1 Cauchy’s integral theorem for the case of a continuous 
derivative 

Theorem 1 Suppose that a function f (z) is differentiable in a simply 
connected domain D and its derivative is continuous inD . Then the value 
of the integral of f (z) along each closed curve y lying inside D is zero: 

f f(z)dz = 0. (9.1) 

V 

7 

Proof . If f (z) = u ( x , y) -f iv (x, y), then Eq. (5.3) yields 
^ / (^) dz = J i “I - iJ 2> 

7 

J x = ^ udx — v dy , J 2 = j vdx-{-udy . 

7 7 


where 
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Since / ( z ) has a continuous derivative in Z), the first-order partial 
derivatives of the unctions u and v are continuous in D and the 
Cauchy-Riemann equations are satisfied, i.e. 

du du du dv ,q ^ 

~dx~~di 9 lty~~~dx' 

In view of the theorem of Sec. 6.2 we see that Eqs. (9.2) yield 
J l = J 2 = 0. Thus, j / ( z ) dz = J x -j- iJ 2 = 0. 

v 

9.2 Cauchy’s integral theorem (the general case) Theorem 2 
(Cauchy’s integral theorem) Let a f unction f (z) be differentiable in 
a simply connected domain D. Then the value of the integral of f (z) along 
every closed curve y lying in D is zero: 

^f(z)dz = 0. (9.3) 

v 

Proof . We will give the proof of Cauchy’s integral theorem pro- 
posed by E.J.B. Goursat. 

(1) We start by examining the case where the closed curve y is 
the contour of a triangle lying in Z).|We will give a reduction ad 
absurdum proof. Suppose the theorem does not hold. Then there 
exists a triangle (the contour of this triangle and the triangle proper 
is denoted by A) such that 

| j/(z)dz =a>0. (9.4) 

A 

By connecting the midpoints 
of the sides of A by straight 
lines (Fig. 42) we partition A 
into four triangles A< ft) ( k = 1, 

2, 3, 4). Then we note that 

4 

2 | / (z)dz= j f(z) dv. (9.5) 

h—\ if(k) A 

Fig. 42 

Indeed, the left-hand side of (9.5) is the sum of the integral along 
the contour of A and the integrals are taken two times (in opposite 
directions) along each side of A< 4) (these latter integrals cancel out). 

Equations (9.4) and (9.5) imply that at least for one of the integrals 
on the left-hand side of (9.5) (the corresponding triangle is denoted 
by Aj) the following estimate is true: 

j f(z)dz |>-J, 

A, 



(9.6) 
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since otherwise 

4 

« = | \ f(z)dz < 2 | 1 f(z)dz <4 ^- = a, 

A h= 1 A(fc) 

i.e. a < a, which is impossible. 

Next, partitioning the triangle A ± in the above-mentioned manner 
into four triangles and following the same line of reasoning, we 
arrive at a triangle A 2 such that 

| j /(*)&!>.£-. 

A* 

Continuing this process, we obtain a sequence of triangles {A n } 
such that each A n contains A n+1 (n = 1, 2, . . .) and 

/ n = | J /(,)&!>-«.. (9.7) 

A 71 

This gives the lower estimate for / n . Let us find the upper estimate. 
Suppose that P is the perimeter of the initial triangle. Then the peri- 
meter P n of A n will be PI 2 n ; hence, P n -+■ 0 as n ->• oo. Thus the 
sequence of triangles {A n } forms a nest: each triangle A n contains 
all the subsequent triangles A n+1 , A n+2 , . . ., and the perimeter of 
A n tends to zero as n ->■ oo. From this it follows that there is only 
one point z 0 lying in the interior or on the boundary of A and belon- 
ging to all the triangles A lt A 2 , .... By hypothesis, z 0 belongs to D. 
Since the function / (z) is differentiable at point z 0 , we find that 

f ( z ) = f ( z o ) + /o ( z — z o ) + 0 ( z — z o)» 

whence 

j f (z) dz = f (z 0 ) j dz + f (z 0 ) j zdz 
An An An 

— z 0 f'(z 0 ) j dz+ j o(z — z 0 )dz. (9.8) 

An An 

Since j dz = 0 and j zdz = 0 (see Examples 1 and 2 in Sec. 5), 

An An 

from (9.8) we obtain 

j / (z) dz = j o (z — z 0 ) dz . (9. 9) 

An An 

The definition of o (z — z 0 ) implies that for every positive e there is 
a positive 6 = 8 (e) such that for all z: | z — z 0 | < 6 we have 

I O (z - Z 0 ) I < 8 | z — z„ |. (9.10) 
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We select n so large that A n would lie in the circle | z — z 0 | < 8. 
Then from Eqs. (9.9) and (9.10) we have 

J n = | j /(z)dz|<e j | z — z 0 | \ dz | < eP n j | dz | = eP t n = e-£ r , 

A n A n An 

i.e. 

Jn< e-p-. (9-11)’ 

Comparing (9.7) and (9.11), we obtain a/4 n <C eP 2 / 4 n , i.e. a < eP 2 > 
which at a >0 is impossible since we can select the positive e as 
small as desired. Hence a = 0, i.e. Eq. (9.3) holds for all triangles 
that lie inside D. 

(2) Now suppose that y is an arbitrary polygon lying in D. 

If the polygon is convex, it can be partitioned into triangles via 

diagonals that start at a single vertex. If we write / = j f (z) dz as 

v 

a sum of integrals along the boundaries of the triangles into which 
the polygon is partitioned, we find that J — 0. 

Next, since an arbitrary polygon can always be partitioned into a 
finite number of convex polygons, we can always write 

j f(z)dz = 0. 
v 

(3) Finally, suppose y is an arbitrary closed curve inZ). By Lemma 2: 
of Sec. 5 we can always approximate j / (z) dz as accurately as desired 

v 

by an integral along a closed broken line lying in D, i.e. for every 
positive e there is a closed broken line such that 

| j f(z) dz— j / ( z)dz | < e. 
v l 

As proved earlier, j / (z) dz = 0, and, hence, the above inequality 

L 

takes the form j / (z) dz | < e, which in view of the arbitrariness 
v 

of e >0 implies that j / (z) dz = 0, 

v 

9.3 Corollaries and remarks related to Cauchy’s integral theorem? 
Remark 1. The function / (z) = 1 /z is differentiable in the annulus 

0 < | z | < 2, but j 0 (see Example 3 in Sec. 5). Thi& 

lz| = l 

example shows that the condition that the domain in Cauchy’s 
integral theorem be simply connected is important. 
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Corollary 1 If a function f (z) is differentiable in a simply con- 
nected domain D , the value of the integral of f {z) does not depend on 
the path of integration . Precisely , if two curves , y and lie in D 
and have a common beginning and a common end , then 

j / (z) dz = j / (z) dz. 

V Vt 

Thus, curve y can be de- 
formed inside D (not involv- 
ing its beginning and end) 
and yet the integral re- 
mains the same. 

Employing the corollary 
of Sec. 6.2, we arrive at a 
theorem that is also called 
Cauchy’s integral theorem: 
Theorem 3 If a function 
f (z) is differentiable in a 
domain D and curves and 
y 2 are homotopic in D , 

Fig. 43 \ f (z) dz = j f (z) dz. 

Vi V2 

The domain D may be multiply connected. 

Cauchy’s integral theorem also holds for the case where y is the 
boundary of D. Here is the appropriate theorem: 

Theorem 4 Suppose D is a bounded , simply connected domain with 
a piecewise smooth boundary T and letf (z) be a function that is differenti- 
able in D and is continuous up to the boundary of D. Then 

j f(z) dz = 0. 
r 

The proof of Theorem 4 follows from Theorem 2 and Lemma 3 of 
Sec. 5. 

Theorem 4 is valid for multiply connected domains, too. 

Corollary 2 Suppose the boundary T of a multiply connected domain 
D consists of a closed piecewise smooth curve T 0 and closed piecewise 
smooth curves 1^, T 2 , . . ., T n that lie inside T 0 and are pairwise non- 
concurrent, and suppose that f (z) is differentiable in D up to the bound- 
ary of D . Then 

n 

j/(z)dz+2 { / (z) dz ---- 0. (9.12) 

r. ft=i 

The curves T 0 , Tj , . . . , T n are oriented in such a way that in traversing 
each of them we find that D remains to the left . 
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Proof . We connect the curve T 0 with T v T 2 , ...» T n by cuts 

Yi» Y 2 » • • •» Y n (Fig- 43) in such a way that the resulting domain D 

is simply connected. The boundary T of D consists of curves T 0 , r it . . . 

. . .,T n and cuts y v y 2 , . . ., y n . By Theorem 4, ^ f (z) dz = 0. Taking 

r 

into account the fact that integration along each cut y k (k = 1,2,... 
. . ., n) is performed two times (in opposite directions) and, hence, 

/ (z) dz = 0, we arrive at formula (9.12). 

Note a particular case of Corollary 2. Let / (z) be differentiable 
in D , which may be multiply connected, and let y and y x be two 
simple closed curves with 
one lying inside the other and 
constituting the boundary of 
a domain D 1 c= D (Fig. 44). 

Then 

j / (z) dz = i / (z) dz, 
y y\ 

(9.13) 

where the traversal of curves 
y and yi is performed in one 
direction. The above formula 
implies that deformation of a closed contour in a domain where 

/ (z) is differentiable does not influence the value of j / (z) dz. 

v 

9.4 The integral and the primitive Suppose that a function 
/ (z) is defined in a domain D and another function F (z) is differenti- 
able in D. If F* (z) = f (z) for all z 6 D, the function F (z) is said to 
be a primitive of / (z) in D . 

Theorem 5 If a function f (z) is differentiable in a simply connected 
domain D, it has a primitive in the same domain. 

Proof. Consider the function 



z 

F (z) = j / (0 d^ % (9.14) 

Zl 

where the integral is evaluated along any curve lying in D. Since 
the value of this integral does not depend on the path of integration 
(Corollary 1), F (z) is single-valued in D. We wish to show that 
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F (z) is a primitive of / (z), i.e 

z 

F'{z)=(\ni) dt,y = f(z). 

2 0 

Suppose z -f- Az is a point in D that lies in a small neighborhood 
of point z£D. Consider the ratio 

f (. + <W- r <.) = J_ ("j ’ \f K )dt} 

z 0 z 0 

z+Az 

5 /(0*c- ( 9 - 15 > 

z 

We have to show that o = (*) — j (z) tends to zero as 

Az+9- 0. 

z+Az 

"Since dt, = Az (see Example 1 in Sec. 5), we can write 

z 

z+A t 

V ; , 1 -±- j /(z)d£ = /(z). (9.16) 

"... z 

Employing the fact that the values of the integrals in (9.15) and' 

(9.16) do not depend on the path of integration, we can take the 
segment connecting points z -f Az and z as the path of integration. 
We then have 

z+Az 

g== g(. + ^ WM _ /(z)=g j_ j [/(£)-/(z)]d£, 

z 

whence 

z+Az 

5 1 /( 0 — /(*) 11 ^ 1 - ( 9 - 17 > 

z 

Since the function / (z) is continuous at point z, for each positive e 
we can find a positive 6 = 6 (e) such that at | z — £ | < 6 we will 
have 

1/(0 -/(*) I <e. (9.18) 

Since in (9.17) £ belongs to the segment [z, z + Az], we can write 
| z — £ | ^ | Az I and, hence, (9.18) holds if | Az | <C 6. Combining 

(9.17) with (9.18) yields | a | < ~ T e | Az |, or | a | < e, if, 

|Az| 
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| Az | < 8. Hence, 


lim 

Az-+0 


F(z+bz)-F(z) ^ f{z ^ 


i.e. F f (z) = f (z). The proof is complete. 

Theorem 5 leads to the following 

Corollary 3 If a function f (; z ) is continuous in a domain D and the 
value of the integral of f (z) along any closed curve lying in D is equal 

z 

to zero , the function F (z) = j / (£) dt> is a primitive of f (z). 

*0 

Note that if F (x) is a primitive of / (z) in a domain D , then 
F (z) -\-C, where C is an arbitrary complex valued constant, is a 
primitive of / (z) in D, too. The converse statement is also true, 
namely, we have 

Theorem 6 The totality of all the primitives of a function f (z) in 
a domain D is given by the formula F 1 (z) -fC, where F i (z) is one 
of the primitives of f (z), and C is an arbitrary constant . 

Proof. Let F x (z) and F 2 (z) be two primitives of / (z) in D. Then 
the function F (z) = F 2 (z) — F i (z) = u + iv is constant in D. 
Indeed, by the hypothesis F' (z) = F 2 ' (z) — F[ (z) = / (z) — / (z) = 
0 for all z £D. From this it follows that (see Eqs. (7.8) and (7.9)) 
dufdx = duldy = dvldx = dv/dy = 0 in D, and from a well-known 
theorem of mathematical analysis we obtain F (z) = const, i.e. 
F 2 (z) = F x (z) + C, with C a complex valued constant. 

Corollary 4 Under the hypothesis of Theorem 5, any primitive 
F (z) of f (z) can be expressed thus : 

z 

F(z)=\f(QdZ+C, (9.19) 

Zo 

where C is a complex valued constant. 

Corollary 5 Under the hypothesis of Theorem 5 , the following 
Newton-Leibniz formula is true : 

J hOd^F( Zi )-F{z 0 ). (9.20) 

Zo 

Proof. Putting z = z 0 in (9.19), we find that C = F (z 0 ). Putting 
z = z x in (9.19), we find that 

Z i Z i 

F(z i)= j f(Qdt + C= j f(Q dt+F(z 0 ), 

Zo Zo 

from which (9.20) readily follows. 

Corollary 6 If two functions , / (z) and g (z), satisfy the hypothesis 


6 * 
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of Theorem 5, the integration-by-parts formula is valid : 

z 1 Zl 

j /(C)*r'(£M£ = [/(SMO£- j /'(£)*(£)<*£. (9.21) 

z* z» 

Proof. Integration of the identity /g' = (/g)' — gf and the formula 

Zl 

j Wd^-nzt) g(z l )-f(z 0 ) g (z 0 )=\f(ogmi, 

Z# 

lead to Eq. (9.21). 

Note that integrals of differentiable elementary functions of a 
complex variable in a simply connected domain are evaluated by the 
same methods and formulas as used for real valued functions. For 
instance, 

It Z* 

J r z n+i z n + 1 

etdt, = e z * — e z '; ^ If 1 d£ = 2 ^ 1 — (n a nonnegative integer) . 

Zl Zl 

Example 1 . The function / (z) = 1/z is differentiable in the multiply 
connected domain D : 0 < | z | < oo. Suppose D is a simply con- 
nected domain and D azD. Then the function 

2 

F(z)=\-f, ztD , 

1 

where the integral is taken along any curve lying in D, is a primitive 
of / (z), by Theorem 6, and F' (z) = 1/z. However, the function 

z 

(z) = j -J- , z£D, 

1 

is not single-valued in D because 

j Y- = 2m^=0. □ 

1*1=1 


10 Cauchy’s Integral Formula 

•Cauchy’s integral theorem leads to one of the most important for- 
mulas of the theory of functions of a complex variable, Cauchy’s 
integral formula. 

Theorem Suppose f (z) is a function that is differentiable in a simply 
connected domain D and let y be a simple closed curve lying in D and 
oriented in the positive direction. Then , for every point z lying in the 
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interior of 7 , 




This is called Cauchy's integral formula . 

Proof. The function / (£)/(£ — z) is differentiable with respect to 
£ in D with point z deleted. Let us select a p in such a way that the 
circle | £ — z | < p and its boundary C p : | £ — z \ = p lie inside 7 . 
Then, using Corollary 2 of Cauchy’s integral theorem (see Eq. (9.13)), 
we obtain (Fig. 45) 


=_*_ e 

2jii J 


_J_ C m. dr 

2ni J S — 2 ^ 


-4r 1 >( °T > , +<M *-A+/W-^r 1 

Cp C P 

where )' n \Z.[ — d ^ Since 4r ii=r = 1 ( see Exam ' 


pie 3 in Sec. 5), we can write 


= _L_ C 

2ji i J 


■dJZ, = J i -\-f ( z ), 


(10.2) 


and to prove the theorem we must only show that /j == 0 . 

In view of the continuity of f (t) at point z, for any positive e 
there exists a positive 8 = 8 (e) such that | / (t) — / (zi) I < e for 
IE -a | < 8 . Hence, 

j 'uifr 1 ^ /Vwi 


wjr 


if p ^ 6. Recalling that J x /f 1 j ^ 

does not depend on p, we ob- yt 1 / 

lain J x = 0 , i.e. J = f (z). A ) / /// 

The proof of the theorem is Al ^ ' ty 

complete. 

Remark 1 . Let D be a bound- - ^ ^ 

ed, simply connected domain Fig. 45 

with a piecewise smooth 

boundary T, and let f (z) be a function differentiable in D and con- 
tinuous up to the boundary of D. Then for every point z lying in 
l) we have 


/W-srI-03-* 


(10.3) 
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The validity of (10.3) can be proved in the same manner as we 
proved the above theorem; Theorem 4 of Sec. 9 is also used. 

Formula (10.3) remains valid for the case where D is a multiply 
connected domain. The proof of this is done in the same way as for 
formula (9.12). 

Formula (10.3) is used to express the value of / (z) inside a domain 
in terms of its values at the boundary of this domain. 

Note a particular case of (10.3). Let / (z) be differentiable in D 
and let y and y 1 be two simple closed curves (with y x lying inside y) 
that constitute the boundary of a domain D x czD (see Fig. 44). 
Then for all z 6 D 1 we have 



V Vi 


Here y and y x are oriented in the positive sense. 

Remark 2. If on the right-hand side of (10.3) point z belongs to 
the exterior of F, i.e. lies outside D, the integrand is differentiable 
with respect to £ everywhere in D, and, by Cauchy’s integral theorem, 
the integral vanishes. Thus, 

1 f /<q dt f /(2)i zeD ' 

2m ] 5-z \ 0, z outside D. 

r 

The mean value theorem Let a function f (z) be differentiable in 
the circle K : | z — z 0 | < R and continuous in the closure K. Then 
the mean arithmetic value of f (z) on the circumference of the circle 
is equal to the value of f (z) at the center of the circle : 

2jt 

f (*•) *= j / (*o + Rei dcp - ( 10 - 5) 

o 

Proof. Suppose that T in (10.3) is the circumference of a circle 
of radius R centered at point z 0 . Then 


t = z 0 + Re i v y 0<cp<2jt, = iRe^ d<p, 


r 


1 f /(*, + Re" f )lRel* 

£-z„ ~ 2 ni J Re i<f 

o 

2n 

= 4r J + 

o 


The proof of the theorem is complete. 

The mean value theorem for harmonic functions Let 

U (z) = u (x, y ), z = X + iy, 
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be harmonic in the circle K : | z — z 0 | < R and continuous in the 
closure K. Then 

2ji 

U (z 0 ) = [ U (z 0 + R iv ) di p. (10.6) 

0 

Proof . Suppose / (z) is a function that is regular in the circle K 
and such that Re f (z) = u (z). By the mean value theorem we have 

2n 

f (z 0 ) = "ST j / ( z 0 + P el,p ) d< p* o < p < R. (10.7) 

o 

Separating the real part from the imaginary, we obtain 

2ji 

u = 5 u (z ° + pei<p ^ dcPf 

o 

whence, going over to the limit as p R, we arrive at (10.6). The 
proof of the theorem is complete. 

11 Power Series 

11.1 Domain of convergence of a power series A power series 
is a series of the form 

Jj c n (z — a) n , (11.1) 

n=0 

where a and c n (n = 0, 1, 2, . . .) are given complex numbers, and z 
is the complex valued variable. At a = 0 the series (11.1) takes the 
form 

oo 

S c„z n . (11.2) 

71=0 

Obviously, all the properties of power series of the type (11.2) are 
valid for (11.1). 

The domain of convergence of the power series (11.2) is the set of 
all points z at which (11.2) is convergent. Point z = 0 always belongs 
to the domain of convergence of (11.2). There are power series that 
converge only at z = 0 (see Example 3). 

oo 

Example 1. The series 2 ( — i) n z n is convergent at | z | < 1 

71=0 

and divergent at |z|^l. □ 

oo 

Example 2 . The series 2 ~n i s convergent in the the entire 

71=0 
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complex plane because for each z there is a positive integer n 0 such 
that at n > n 0 we have | z/n | < 1/2, i.e. | z n /n n | < l/2 n , from 
which the convergence of the series at point z follows. n 

oo 

Example 3. The series 2 is convergent only at 2 = 0 

n=0 

because z =/= 0, then for n > 1/ 1 z | we have | nz | > 1 and | nz \ n > 1 
(the necessary condition for convergence of a series is not met). □ 
Theorem 1 (Abel’s theorem) If a power series of the type (11.2) 
is convergent at a point z 0 0, it is absolutely convergent in the circle 
K 0 : | z | < | z 0 I, while in any smaller circle K x \ \ z | ^ R x < | z Q | 
this series is uniformly convergent. 

Proof. In view of the fact that (11.2) is convergent at point z 0 
we have lim c n z” = 0, and, hence, there is a positive constant M 

7I-+OC 

such that for all n we have | c n z'jf\ <C M. Let z be an arbitrary point 
of K 0 . Then 

I Z 0 I 

where q = | z/z 0 | <C 1, and this implies that (11.2) is absolutely 
convergent in K 0 . 

If z 6 K x , then | c n z n M | z/z 0 | n ^ Mq”, where q x = 

/?i/| z 0 | < 1 does not depend on z, and by Weierstrass’s test the 
series (11.2) is uniformly convergent in K v 

Let R be the least upper bound of the distances between point 
z = 0 and points z at which (11.2) is convergent. Then at | z | > R 
this series is divergent. Abel’s theorem leads to the following 
Corollary 1 The series (11. 2) is convergent in the circle K: | z | < R> 
while in any smaller circle \ z | ^ R x <C R this series is uniformly 
convergent. 

The circle K is said to be the circle of convergence , and its radius R 
the radius of convergence of (11.2). At the points on the circle | z | = R 
the series (11.2) may be either convergent or divergent. If (11.2) 
is convergent only at z = 0, its radius of convergence is zero, while 
if it is convergent in the entire complex plane, the radius of con- 
vergence is infinite. 

The radius of convergence of (11.2) is given by the Cauchy-Had a- 
mard formula 

R = l/l, where 1= lim Y I c n I- (11.4) 

n->oo 

The proof of (11.4) can be found in Bitsadze [1], 

Consider the series 


nc n z 


n- 1 


71=1 


(11.5) 
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which consists of the derivatives of the terms in (11.2). Since* 
lim y~n = 1, the Cauchy-Had am ard formula (11.4) results in 

71-+ OO 

Corollary 2 The radius of convergence of the series (11.5) is equal to 
the radius of convergence of the series (11.2). 

11.2 Term-by-term differentiation of a power series 
Theorem 2 Let the radius of convergence of the power series 

/(z)= fl c n z n (11.6) 

71=0 

be R - 7^=0. Then this series can be differentiated any number of times 
inside the circle | z | < R. The resulting series have the same radius of 
convergence as (11.6). 

Proof . Consider the series 

S(Z)= 2 nc n z"-i, (11.7) 

71=1 

which consists of the derivatives of the terms in (11.6). By Corol~ 
lary 2, the series (11.7) is uniformly convergent in the circle 
| z | ^ R X <C R and its sum S ( z ) is continuous in K v We wish 
to show that the function / (z) is differentiable in K x and that 

S(z)=f'(z). (11.8) 

Let y be an arbitrary curve lying within K 1 and connecting points- 
0 and z. Then (see Sec. 9) 


Hence, 



j nc n t n - l dt = c n z n , n= 1,2 (11.9) 

0 

Integrating the uniformly convergent series (11.7) along curve y 
termwise and taking into account the fact that the value of the- 

z 

integral ^ S (£) is independent of the path of integration, we 
o 

obtain 


j 5(£)dC= 2 j nc n C~ l dt= 2 

0 71=0 1 71=1 

Combining (11.10) with (11.6), we obtain 


( 11 . 10 ) 


j S{1) d£ = f(z) — c 0 . 

o 


( 11 . 11 ) 
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In view of Corollary 3 of Sec. 9, the function j S (£) dt is a primitive 

o 

of S (z) and, hence, S (z) = /' (z). Thus, the function / (z) is differen- 
tiable in the circle K x and Eq. (11.8) is true, i.e. the series (11.6) 
can be differentiated termwise in K x . But the radius R x of K x can be 
chosen as close to R as desired, whence (11.6) can be differentiated 
termwise in K . 

The operation of term-by-term differentiation can obviously be 
applied to (11.6) any number of times. The proof of the theorem is 
•complete. 

Corollary 3 The coefficients c n of the power series 

/(*)= 2 c n {z-a) n , (11.12) 

n= 0 

which converges in the circle K : |z — a | < i? (/? =£ 0), are given by 
the following formulas : 

*• = /(«), C n- J ^ L («= 1, 2, ...). (11.13) 

Proof . Applying Theorem 2 to the power series (11.12), we obtain 
/<"> (z) = n\c n + (n + 1) c n+1 (z - a) + . . . (11.14) 

for all z 6 K. Putting z = a in (11.14) and (11.12), we arrive at 
(11.13). 

From (11.13) we can see that the expansion of a function in a power 
series is unique. 

oo 

The power series 2 ~ ( z — a ) n is sa id to be a Taylor series 

71=0 11 

of / (z). Thus, every power series (11.12) within its circle of con- 
vergence is the Taylor series of the sum of (11.12). 

12 Properties of Regular Functions 

The definition of a regular function was given in Sec. 7.4. Here 
we will prove the concepts of differentiability and regularity in 
a domain to be equivalent and study the properties of regular func- 
tions. 

12.1 The regularity of a function that is differentiable in a do- 
main 

Theorem 1 If a function f (z) is differentiable in a domain D, it is 
regular in this domain. 

Proof. Let z = a be an arbitrary point of D . Consider the circle K: 
\ z — a J < p, p > 0, lying in D together with its boundary y p : 
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| £ — a | = p. Suppose z is an arbitrary point in K. By virtue of 
Cauchy’s integral formula, 


>(’) = -, ST J 

V P 


m 

s-* 


dl. 


( 12 . 1 ) 


Next we expand ■ — in a power series in z — a (a geometric 

Z 

progression): 


1 

l — Z 



S 

n=0 


(z — a) n 
(£ <*) n+ i • 


( 12 . 2 ) 


If ?6Yp» then 

1 1 — a I =P, 


z — a 

£ — a 


1 z — a 1 
P 


<1» 


and, hence, the series in (12.2) converges uniformly in £ on y p 
(Weierstrass’s test). The series 


/(C) 

l — Z 


= S 

n=0 


/(0 

(S-a) n+l 


(z-a) n . 


(12.3) 


which is (12.2) multiplied by / (£), is also uniformly convergent on 
y 9 since / (£) is continuous on yp and, hence, bounded on y p . Inte- 
grating the series in (12.3) termwise along y P and employing (12.1), 
we obtain 

/(*)= S c n (z — a) n , (12.4) 

n=0 

where 

C,l = “2 M 1 (S— a) n+1 d ^' ^ 12 ’ 5 ^ 

lS-al=P 

The series (12.4) is convergent in the circle K : | z — a | < p, which 
means that / (z) is regular at point a. But since a is an arbitrary point 
of Z), the function / (z) is regular in D. The proof of the theorem is 
complete. 

Theorem 1 and Theorem 4 of Sec. 7 result in the following 

Corollary 1 A function f ( z ) is regular in a domain D if and only 
if it is differentiable in this domain. 

Thus, in D the concepts of regularity and differentiability are 
equivalent. This together with the properties of differentiable func- 
tions (see Sec. 7) implies, for one, that if two functions, / (z) and 
g (z), are regular in a domain Z), their sum, product, and quotient 
(provided the denominator is nonzero) are regular in D. 
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Similarly, if / (z) is regular in D and the function F (w) is regular 
in G and if the range of values of w = f (z) (z 6 D) belongs to G, 
then the function <£> (z) = F If (z)l is regular in D. 

Theorem 1 has 

Corollary 2 The series (12.4) is sure to converge in the circle 
| z — a | < R t , where R x is the distance between point z = a and the 
boundary of the domain D in which f (z) is differentiable . 

For this reason the radius of convergence of the power series (12.4) 
is no less than R v 

Corollary 3 If a function f (z) is regular in a circle K : | z — a | < 
R, it can be represented by a Taylor series 

/«- 2 <*-.»■ 

n=0 


convergent in the entire circle K. 

Corollary 4 If f (z) is regular at z = a, it is regular in a neighbor- 
hood of point a. 

Proof . A regular function / (z) can be represented by a convergent 
series (12.4) in a circle K : | z — a | < p and, hence, is differentiable 
in this circle (Theorem 2 of Sec. 11). But by Theorem 1 the function 
f ( z ) is regular in K. This means that if z 0 6 A, then 

f(z)= fj c n (z — z 0 ) n . 

n=0 

The resulting series is convergent in a circle | z — z 0 I < p x , pi ^ d, 
where d is the distance between point z 0 and the boundary of A. 

Remark 1. A function that is differentiable at a point z = a may 
not be regular at this point, since a function regular at a point z = a 
is differentiable not only at the point z — a but in a neighborhood 
of this point as well. For instance, the function / ( z ) = z 2 is differen- 
tiable only at z = 0 (see Example 3c in Sec. 7) and therefore is not 
regular at this point. 

12.2 The infinite differentiability of regular functions 

Theorem 2 If a function f (z) is differentiable in a domain D, it i$ 
infinitely differentiable in this domain, with 

ziD ’ < 12 - 6 > 

V P 

where y p is the boundary of the circle | £ — z | ^ p lying in D. 

Proof. By Theorem 1, the function / (z) is regular in D. Let z = 
a 6 D. Since / (z) is regular at point z = a, we can write 

/(*) — S c„j(z — a) n , 

71=0 


(12.7) 
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where the series in (12.7) is convergent in a circle | z — a | < p 
(p > 0). According t6 Theorem 2 of Sec. 11, the series in (12.7) can 
be differentiated in the circle | z — a | < p termwise any number of 
times and (see (11.13)) 

Co = /(«). (11 = 1. 2, a..). (12.8) 


On the other hand, 

= 


rua) 

n\ 


2ji i 


[ —LI 
J (C- 


/(C) 


a)* 




w'hence, substituting z for a, we arrive at (12.6). 

This theorem implies, for one, that the derivative of a regular 
function is a regular function, too. 

Remark 2. Formula (12.6) can formally be obtained from Cauchy’s 
integral formula 

If 

f W = ~2zr ) T=r- 


by differentiating the left and right sides of the latter n times. 

Remark 3. If the function / (z) is differentiable in a neighborhood 
of point a, it is regular at this point (Theorem 1) and can be represen- 
ted in the form of a power series that is the Taylor series of / (z) (see 
Corollary 3 of Sec. 11). Thus, the formal Taylor series 

s 

71=0 


of a function / (z) differentiable in a neighborhood of a converges to 
this function in a (generally different) neighborhood of point a. 
A similar proposition for functions of a real variable does not hold. 
For instance, the function 


jr 1 /**, x =^0, 

{ 0, x = 0 


is differentiable everywhere and has an infinite number of deriva- 
tives at point x = 0 equal to zero, and, hence, all the coefficients of 
the Taylor series of / (#) are zero at x = 0, but / (#) ^ 0. 

From Theorem 2 and Sec. 7.3 follows 

Corollary 5 A function that is harmonic in a domain is infinitely 
differentiable in this domain. 

12.3 Sufficient conditions for regularity Theorem 1 states 
that the differentiability of a function / (z) in a domain D is a suf- 
ficient condition for the regularity of this function in D. Here are 
other sufficient conditions. 
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Theorem 3 (Morera’s theorem) If a function f ( z ) is continuous 
in a simply connected domain D and the value of the integral of this 
function along any closed contour lying in D is zero , the function is 
regular in D. 

Proof. By virtue of Corollary 3 of Sec. 9, the function / (z) has a 
primitive, i.e. there is a differentiable function F (z) such that 
F ' (z) = / (z) for all z £ D. According to Theorem 1, the function 
F (z) is regular in D and, hence, its derivative is a function regular 
in D , i.e. the function / (z) = F' (z) is regular in D. 

Theorem 4 (Weierstrass’s first theorem) Let the functions f n (z) 
(n = 1,2, . . .) be regular in a domain D and let the series 

/(*)= §/»(*) (12.9) 

71=1 

be uniformly convergent in each closure D x lying in D. Then f (z\ is 
regular in D. 

Proof. Suppose z 0 is an arbitrary point of D. Consider the circle 
K : | z — z 0 | < p lying together with its boundary in D. By hypo- 
thesis, the series (12.9) is uniformly convergent in K and, hence, 
in K. Moreover, the functions f n (z) (n = 1,2,.. .) are regular in A 
and, hence, continuous in K. For this reason / (z) is continuous in K , 
since it is the sum of a uniformly convergent series whose terms are 
continuous functions. 

Let y be a closed contour lying in K. Integrating the uniformly 
convergent series (12.9) along y termwise, we obtain 

oo 

j / (z) dz = 2 j fn(z)dz. 

V n=l V 

By Cauchy’s integral theorem, j f n (z) dz = 0 (n = 1, 2, . . .) and, 
hence ^ / (z) dz = 0. By Morera’s theorem, the function / (z) is 

Y 

regular in circle K and, for one, at point z 0 . Since z 0 is an arbitrary 
point of D, the function / (z) is regular in D. The proof of the theorem 
is complete. 

Theorem 5 (Weierstrass’s second theorem) Under the hypothesis 
of Theorem 4 , the series (12.9) can be differentiated term-by-term any 
number of times . The resulting series are uniformly convergent in 
closures D± that lie inside D. 

We give only the formulation of Weierstrass’s second theorem. 
The interested reader can find its proof in, say, Markushevich [11. 

Other sufficient conditions for regularity related to integrals de- 
pending on a parameter will be given in Sec. 15. 
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In conclusion of this section we give a brief summary of the basic 
properties of regular functions. The reader may have already noted 
that along with the term “regular function” other equivalent terms 
are used in the literature, namely, 

{regular function } = { holomorphic function } 

= {single-valued analytic function). 

Here are the criteria (necessary and sufficient) for the regularity.' 
of a function / (z) in a domain D\ 

(1) the differentiability of / (z) in D ; 

(2) the Cauchy-Riemann equations. . \ 

Morera’s theorem and Weierstrass’s first theorem are sufficient 

conditions for the regularity of a function / ( z ) in a domain D . 
Finally, regular functions possess the following properties: 

(i) the sum, difference, product, quotient (with a nonzero denomi- 
nator), and composite function consisting of regular functions are 
regular functions, too; 

(ii) a regular function is infinitely differentiable; 

(iii) a regular function obeys Cauchy’s integral theorem and for- 
mula; 

(iv) the primitives of a function that is regular in a simply con- 
nected domain are regular. 

12.4 Some methods of power series expansion Every function 
/ (: z ) that is regular in the circle | z — a | < p can be expanded into 
a power series convergent in this circle (see Corollary 3 of Theorem 1): 

/■(*)= 2 c n {z-a) n , (12.10)' 

71=0 

where the expansion coefficients c n are given by the formulas 

Cn = -^f m {a), (12.11) 

or 

JU I (£ — l)n + 1 Pl<P* (12-12)" 

I C-a|=pr 

This power series is the Taylor series of the function / (z) in a neigh- 
borhood of point z = a. 

iBy directly calculating the derivatives of the elementary functions 
e\ sin z, cos z, sinh z, and cosh z at point z = 0 (see Eqs. (7.14), 
( 7 . 15 ), ; and (7.16)) the following expansions that are convergent in 
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tthe entire complex plane can be obtained 


S z n 


71=0 


2 ( — l) n z 2n+1 ( — l) n Z 2n 

(2n + l)! > COSZ=2 j ' f2n)l » 


71=0 


(2n)l 


S Z 2n+1 si 

(2rI+ l)l . cosh 2 = >J 


71 = 0 


n=9 


(2n)\ ’ 


.Another example is the series 


L_- V „n 

1-2 - 2U Z > 

?l=l 


(12.13) 

(12.14) 

(12.15) 


(12.16) 


which is convergent in the circle | z | <C 1. 

Note further that the formulas (12.12) are usually not employed 
when calculating the expansion coefficients in (12.10). Often the 
expansion coefficients of a Taylor series are found through known 
expansions (for instance, through (12.13)-(12.16)) and by employing 
some special methods. 

Example 7. The series 


713^= 2 (n + l)z n (M<1) 

ri=0 

ds obtained by differentiating the series (12.16). □ 

Example 2. To find the Taylor series in a neighborhood of point 
z = 0 of the rational function 

^ = (1 — z 2 ) (z 2 + 4) 

we write 


1 1 1 ] 

ii 

c^| ^ 

r 1 + 

1 


\ 1-z* 1 z* + 4 J 

L 1 4| 

(1+4) 

i 4 j 



whence by virtue of (12.16) we obtain 

/( Z )=2|[i+ ( -i#] 22n . 

71=0 

which converges in the circle | z | < 1. □ 

Here are some methods of expansion into power series. 

(1) Arithmetic operations on power series. Suppose two functions 
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/ (z) and g (z), are regular in a neighborhood of a point z = a and 
can be expanded in the following power series: 

/(*)= 2 c n (z-a) n , (12.17) 

n— 0 

g(z)=2 d n (z-a) n , (12.18) 

n=0 

where both series are convergent in the circle | z — a | < R. Then 
we can write 

00 

Af ( 2 ) = 2 Ac n (2 — a) n , ^4 = const, (12.19) 

71= 0 

/(z)±s(z)=2 (c n ±d n )(*-a)», (12.20) 

71=0 

/ ( 2 ) IT ( 2 ) = 2 ( 2 **<*„-*) (2 - a)”. (12.21) 

71=0 ft = 0 

The series (12. 19)-(12.21) are convergent in the circle | z — a | < R. 

Example 3. To expand the function e z cos z in a neighborhood of 
point z = 0 we multiply the series (12.13) and (12.14). However, 
to calculate the expansion coefficients more effectively it is expedient 
to employ the identity 

e z cos z = e z ( ** (^ z(1+i) + ^ (1 ” i} )- 


Since 1 + 1=1/" 2<? ajt / 4 and 1 — i = ]/ 2e~ lJl / 4c , employing the series 
(12.13) yields the following expansion: 


e cos z 


= 2 


2n/2^i7in/4 _j_ 2 n f^e~ i* 171 ! 1 * 
2n\ : 


n 2 n / 2 n n 

■ = 2j -Ti—cos-T' 


n! 


71=0 


71=0 


which is convergent in the entire complex plane. □ 

(2) Method of undetermined coefficients. Let us investigate the 
problem of finding the expansion coefficients in a Taylor series in 
a neighborhood of a point z = a for a function / (z) that is the quotient 
of two regular functions (/ (z) = g ( z)lh (z)) whose Taylor series are 
known (h (a) =+ 0). If 


f(z) = 2 c n (z — a) n , g(z)= 2 <*n(z — a)", 

71 = 0 71=0 

h(z)=- S K (*-«)". 

71=0 


7-01641 
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then, equating the coefficients of the same powers of z — a in the 
equality / (z) h (z) = g (z), we arrive at equations of the form 
c 0 b n + + . • • + c n b 0 = a n , from which we can find the coef- 
ficients c 0 , c 2 , etc. It is then easy to express the c n in terms of 

a Q , a l7 . . ., a n and 6 0 , 6 X , . . ., b n via a determinant (see Markushevich 
[2], pp. 212-217). 

Example 4. Applying the method of undetermined coefficients to 
the function z!(e z — 1), we arrive at the following expansion 

oo 

7^-r=S|r zn - < 12 - 22 > 

n=0 


Here the B n are the Bernoulli numbers given by the formulas B 0 = 1 


Bo (V 1 ) + B, (»+‘) + * . 


Bn m = 0 (n } = 1, 2, . . .), 


where the (^J 1 ) (k = 0, 1, 2, . . ., n) are binomial coefficients* 
The series (12.22) is convergent in the circle | z ) < 2jt. 

Using the identity 


cot z = 


cos z 
sin z 


e 2 * z + l . , 2 i 

; i = 

e 2 i z — 1 e 2 i z — 1 


and the expansion (12.22), we arrive at the expansion 

oo 

ZC ot z =i+ 2 (-i) n ^r 22n o*i<*)- □ ( 12 - 23 > 

n= 1 

(3) A series of power series Let 

/(*)- 2 /»(*), (12.24) 

71=1 


where all the series 


/»(*) = 2 ci h) (z-a) k 


h = 0 


(» = 1 . 2 , ...) 


(12.25) 


are convergent in a single circle K : | z — a | < p and besides, the 
series (12.24) is uniformly convergent in every circle | z — a I < Plr 
where p x < p. By Weierstrass’s theorems, 


whence 


Ch 


/<»> (a) 

k\ 


2^=2 


M 


71 = 1 


kl 


71=1 


f(z)= 2 c h (z — a) h = 2 (23 c ( n ) ){z — a) h . 
h=0 ft=0 n= 1 


(12.26) 
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(4) Substitution of a series into a series. Consider the function 
f (z) = g [h (z)], where the function w = h (z) is regular in the circle 
K x : \ z — a | < i?i and the function g (w) is regular in the circle 
K: | w — b | < i?, with h (a) = b. Suppose 

g(w) = 2 b n {w — b) n , h(z)= S On (2 — a) n 

n=0 71=0 

are power series of g (w) and h (z). Since the function h (z) is regular 
in K t , there is a circle K 2 \ | z — such that 

| h (z) — h (a) | < i?, i.e. | w — b | <C i?. The function f (z) is 
regular in the circle K 2 since it is a composite function of regular 

oc 

functions. The expansion coefficients in / (z) = 2 °k (z — a) h are 

h= 0 

determined via Eqs. (12.25)-(12.26), where f n (z) = b n [h (z) — fe] n , 
since 

f(z)^g (1 0 ) = 2 (W- fc) n = S [A (2) - *]". (12.27) 

n= 0 n=0 

The resulting series 

oo oo 

/ (2) = S b n [h (z) -b] n = 2 c fc (z - a) ft (12.28) 

71=0 k=0 

is sure to converge in K 2 : | z — a |</? 2 , where R 2 is chosen in such 
a way that \w — b \ = | h (z) — when | z — a | < i? 2 , 

(5) A re-expansion of a power series. Let us consider the following 
special case of substituting a series into a series. Let the series 

/(2)= S (*-«)" (12.29) 

71=0 

be convergent in the circle K : \ z — a | < R and let b be a point 
within the circle of convergence K . We write 

z — a = (b — a) + (z — b). (12.30) 

Substituting (12.29) into (12.30), we obtain 

/ (2) = S c n [(z-b) + (b-a)r. (12.31) 

71=0 

If | z — fe | C p, where p = R — \ b — a |, then | z — a | < R 
and, applying the method of substituting a series into another series 
lo (12.31), we arrive at the expansion 

/(*)= S d n (z-b)\ 

71=0 

which is convergent in the circle | z — b \ < p. 


(12.32) 
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12.3 The zeros of regular functions A point z = a is said to be 
a zero of a regular function / (z) if / (a) = 0 . 

(1) Let a = 7 ^= oo be a zero of / (z). We will consider the expansion of 
/ (z) into a power series in a neighborhood of point z = a: 

/W-S c n (z-a) n . (12.33) 

n=0 

Since point z = a is a zero of / (z), we can immediately write c 0 = 
f (a) = 0. Suppose that c m in (12.33) is the first nonzero expansion 
coefficient (c 0 = c x = . . , = c m _ x = 0 , c m =£ 0 ), i.e. 

/ (z) = c m (z- a) m + c m+1 (z - a) mcl (12.34) 

Then the number ra is said to be the order of the zero z = a of / (z) 
and z = a the zero o/ the mth order . Since c h = /< ft > (a)/ft! (Zc == 
1 , 2 ,...), the order of the zero z = a of f (z) is equal to the lowest 
order of the derivative of this function differing from zero at point 
z = a. 

Obviously, (12.34) can be rewritten in the following form: 

/ (z) = (z — a) m [c n + C m+1 (z — a) + . . .], (12.35) 

where the series h (z) = c m + e m+1 (z — a) + . . . is convergent 

in the same circle as the series (12.34). Hence, the function h (z) is 

regular at point z = a, with h (a) = c m =/= 0. Thus, if z = a is an 

rath order zero of f (z), then we can write 

/ ( Z ) = (z — a) m h (z), h {a) ¥= 0, (12.36) 

where h (z) is regular at z = a. 

Conversely, if a function / (z) can be represented in the form 
(12.36), where the function h (z) is regular at point z = a, then 
Eqs. (12.34) and (12.35) are valid, i.e. point z = a is an rath order 
zero of / (z). 

(2) Let z = oo be a zero of a function / (z). Since / (z) is regular 

at point z = oo (see Sec. 7.4), we can write 

oo 

/(z) = Co+S^r- (12.37) 

71=1 

By hypothesis, c 0 = / (oo) = 0. Let c m be the first nonzero expansion 
coefficient in (12.37), i.e. c x — c 2 = . . . = = 0 but c m - ^ 0 

{the number ra is said to be the order of the zero z =*■ oo of / (z) and 

z = oo the zero of the mth order). Then 

oo 

/<*)= 2 % = ^t( c ™ + £ T L +---)> ( 12 * 38 ) 


n=m 
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whence 

/ (z) = (z), oj) (oo) = c m # 0, \ J (12.39), 

where the function \|) ( 2 ) is regular at point z = 00 . 

Conversely, if a function / (z) can be represented in tKoform 
(12.39), where m = 1, 2, . . ., and ^ ( 2 ) is regular at point 2 = 00 , 
then Eq. (12.38) is valid, i.e. point 2 = is an mth order zero of 
/ ( 2 ). We have therefore proved 

Theorem 6 A point a =^= 00 is an mth order zero of a function f ( 2 ) 
if and only if this function can be represented in the form f ( 2 ) =5 
(2 — a) m h ( 2 ), with h ( 2 ) regular at point z = a and h (a) = 7 ^= 0 . 
Similarly, the representation of a function / ( 2 ) in the form / ( 2 ) =* 
( 2 ), where (z) is regular at point z = 00 , yp ( 00 ) = 7 ^ 0 , and 
m = 1, 2, . . is necessary and sufficient for point 2 = 00 to be an 
mth order zero of / ( 2 ). 

Corollary 6 If a point z = a is an mth order zero of a function f ( 2 ), 
then it is a pmth order zero of the function g (2) = [/ (z)] p , with 
P = 1, 2, . . .. 

Remark 4. The asymptotic behavior 

/ ( 2 ) ~ c-m (2 — a) m , c m =£ 0 (z -*■ a), (12.40) 

which follows from (12.36), is the necessary and sufficient condition 
for the function / (z) regular at point a =/= 00 to have an mth order zero 
at this point. 

Similarly, a function / ( 2 ) regular at point 2 = 00 has an mth 
order zero at this point if and only if 

/(z)-^, A^O (a-t-oo). (12.41) 


The asymptotic formulas (12.40) and (12.41) can be taken as definitions 
of the order of a zero at points 2 = a (a =7^ 00) and 2 = 00, respective^ 

iy. 

Example 5. The function / ( 2 ) = sin (l/z) has first order zeros at 
the points z h = l//at ( k = ±1, ±2, . . .) and at point 2 = 00 . □ 
Example 6. The function / ( 2 ) = (e z -f l) 3 has third order zeros 
at points z h = (2k + 1) ni , k = 0, ±1, ±2, . . .. □ 

Example 7. The function 


/(*) = 


(z 3 + l) 6 
(z 2 + 4) n 


eV z 


lias sixth order zeros at the points z k = e( 2A+1 ) Jli / 8 , A: — 0, 1, 2; 
point z = 00 is a forth order zero of this function: 


z 18 . 1 

■4r el/z ~^ ( 2 - 


We will now prove the following theorem on the zeros ol a regular 
function: 
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Theorem 7 Let a function f (z) be regular at a point z = a and 
f (a) = 0. Then either f (z) = 0 in a neighborhood of a point a or there 
is a neighborhood of point a where there are no zeros of f ( z ) different 
from a. 

Proof . Two cases are possible here, (i) All the expansion coefficients 
in (12.33) are zeros, which means that / (z) =0 in a neighborhood of 
point z = a. (ii) There is a positive integer m such that c 0 = c 1 = 
< . . = c m-l = 0 but c m 0. 

In the second case, point z is an mth order zero of f (z) and, hence, 
by Theorem 6, f (z) = (z — a) m h (z), where h (z) is a function 
regular at point a, and h (a) # 0. In view of the continuity of h (z) 
and from the condition h (a) =^= 0. we infer that h (z) - ^ 0 in a neigh- 
borhood of point a. Thus, there is a neighborhood of point a where 
there are no other zeros of / (z) except a . Consequently, the zeros 
of a regular function are always isolated. 


13 The Inverse Function 

13.1 The inverse function theorem The term “inverse function” 
was introduced in Sec. 8.1. Here we will give a more detailed defini- 
tion of an inverse function. 

Let the function w = / (z) be defined on a set E and let E' be the 



set of values of this function (Fig. 46). Then for each value w £ E' 
there is one or several values z £ E such that / (z) = w, i.e. for each 
w£E' the equation 

f(z) = u> (13.1) 

has one or several solutions z £ E. These solutions determine on E' 
a function z = h (w) called the inverse of the function w = f (z). 

Thus, to find a function that is the inverse of w = f (z) we must 
find all the solutions of Eq. (13.1) for each value w 6 £". The definition 
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of the inverse function implies that on E' we have the identity 

/ [h (w)] = w. 


Here are sufficient conditions for the regularity of the inverse func- 
tion. 

The inverse function theorem Let a function w = / (z) be regular 
at point Zq and let f (z 0 ) =£ 0. Then 

(1) there is a circle K : \ z — z 0 | < p and a circle K | w — w 0 | < 
p', w Q = f (z 0 ), such that for each w £ K' Eq. (13.1) has a single 
solution z = h (w), where z £ K\ 

(2) the function z = h (w), which is the inverse of w = / (z), is 
regular at point w 0 ; 

(3) in a neighborhood of point w 0 the following formula is valid : 

h (w)= 7Tz) = T [ft(u’)] * (13.2) 


Proof . Putting z = x + iy and w = u + iv, we substitute for 
Eq. (13.1) the following set of equations 


u (x, y)=u 1 
v (x, y) = v. § 


(13.3) 


The Jacobian / (x, y) = / (z) of the mapping (13.3), which by 
Eq. (8.14) is equal to | /' (z) | 2 , is nonzero at point z 0 = x 0 + iy 0 
by hypothesis and, hence, is nonzero in a small neighborhood of 
this point. 

By a well-known theorem of mathematical analysis (e.g. see 
Kudryavtsev 111), in a neighborhood of the point w 0 = u 0 + iv 0 
there is a one-to-one continuous mapping x = x (u, v), y = y (a, v) 
that is the inverse to the mapping (13.3). This means that there is 
a circle K': | w — w 0 \ < p' such that for each w £ K' Eq. (13.1) 
has only one solution 

z = x (u, v) + iy ( u , v) = h (w) 


such that z £ K and z = h (w) is a continuous function. 

We still have to prove that h (w) is regular at point w 0 . Let w 6 K' 
and w -f- Aw 6 K‘ • Consider the quotient Az/Aw , with Aw =£ 0 
and Az = h (w -f Aw) — h (w). Note that Aw 0 implies A z ^ 0, 
since the function w = / (z) maps a small neighborhood of point z 0 
onto a small neighborhood of point w 0 in a one-to-one manner. 

Consider the identity 


Az _ 1 

Aw Aw * 
Az 


(13.4) 


Send Aw to 0. Then because of continuity of h (w) we have A z-> 0. 
On the right-hand side of Eq. (13.4) we go over to the limit as Az-^-0. 
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Such a limit exists and does not depend on the way A z tends to 0, 
since w = f (z) is differentiable in a neighborhood of point z 0 . Its 
value is 1//' (z). Hence, the left-hand side of Eq. (13.4) also has 
a limit as Aw-* 0 and Eq. (13.2) is valid. The proof of the theorem 
is complete. 

13.2 The function Y z Let us consider the function w = z 2 . 
To find the inverse function, we must solve the equation 

z 2 = w (13.5) 

for z . This equation, as shown in Sec. 1.5, has two solutions for 
a w = 7 ^= 0. If one of these solutions is denoted by Y w ' the other solu- 
tion is —Y w. 

Thus, the function z = h (w), which is the inverse of w = z 2 , 
is double-valued. Note that the function w = z 2 is defined on the 
entire complex z plane and the range of its values is the entire com- 
plex w plane. 

It is natural to ask about the existence and the way in which we 
can build a single-valued continuous function such that its value 
at each point of a domain D coincides with one of the values of the 
double-valued function that is the inverse of w = z 2 . 

As usual, we will denote the independent variable by z and the de- 
pendent variable by w. Suppose D 0 is the complex z plane with 
a cut along the real positive semiaxis. We write the variable z in 
the exponential form and consider in D 0 the function 

w=*f t (z) = Y r e i(p/2 i 0<cp<2jr. (13.6) 

The function / x (z) is single-valued and continuous in D Q and satis- 
fies the condition / 2 (z) = z, i.e. it is solution of the equation 

w 2 = z (13.7) 

The range of values of the function w = (z) is the upper half- 

plane (Fig. 47). This follows from the definition of function (13.6) 
and also from the fact that under the mapping (13.7), which is the 
inverse of the mapping (13.6), the upper half-plane is mapped into 
the complex z plane with a cut along the real positive semiaxis (see 
Example 3 in Sec. 8). 

Thus, the function w = f 1 (z) is single-valued and continuous in Z) 0 , 
the plane with the cut along [0, -foo], and maps this domain onto 
the upper half-plane. 

Similarly, the function 

w = / 2 (z) = — Y r e i(p/2 , 0<q> < 2 jt, 

is single-valued and continuous in Z) 0 , satisfies the condition f 2 (z) = 
z and maps the domain Z> 0 on the lower half-plane (Fig. 47). 

We will say that (z) and / 2 (z) constitute in D 0 two continuous 
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branches of the double-valued function Y z. These functions are 
differentiable and, hence, regular in Z) 0 > by the inverse function 
theorem. According to (13.2), 

th (z) = 2f k ( 2 ) ’ ( 13,s ) 

The differentiability of the functions / x (s) and / 2 ( z ) and the validi- 
ty of (13.8) can be established directly by applying the Cauchy-Rie- 
mann equations in polar coordinates (see Example 4 in Sec. 7). The 



Fig. 47 


functions f x (z) and / 2 ( z ) are said to be the regular branches of the 
double-valued function Y z in D 0 . Often both branches are denoted 
by the same symbol, Y z • To establish which of the two branches of 
the double-valued function Y z is considered, we must (a) fix the 
value of the function at an inner point of D 0 or (b) specify the value 
of the function at a boundary point (at the cut); in the latter case we 
must specify on which of the two banks of the cut, the upper or the 
lower, the point is taken. 

For instance, if we are studying the regular branch of the function 
Y z on which u? 0 = i atj point z 0 = — 1 , then we are speaking of 
the function w = f x (z), which maps D 0 onto the upper half-plane. 
But if we know that — 1 is mapped into — i, then we are speaking of 
the function w = f 2 ( z ), which mapsZ) 0 onto the lower half-plane. 

Similarly, the regular branch of the function 1^2 on which w Q = 1 
at the point z 0 = 1 -f- i 0 lying on the upper bank of the cut along 
[0, +oo) represents the function w = (: z ). But if 1 + iO mapped 

into — 1, the branch represents w = / 2 ( z ). 

Let us consider a domain D that is the complex z plane with 

a cut along the negative real semiaxis (Fig. 48). Obviously, two 
. — ~ 

regular branches of y z can be isolated in D, namely, 


w = fi ( z ) = V? ei<p/2 i w = / 2 (z) = — Y r ei((l2 {z^re^, — it < 9 < n). 
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The function w = (z) maps D onto the right half-plane, Re w >0, 


while the function w = / 2 ( z ) maps D onto the left half-plane, 
Re w > 0; cf. Fig. 37 in Sec. 8.2. 

Thus, if we take the complex z plane cut either along the real 
positive semiaxis or along the negative real semiaxis, in such a do- 



main the double-valued func- 
tion Y z splits into two regu- 
lar branches. It is easy to see 
that ]/*z splits into two regu- 
lar branches in any plane with 
a cut along the ray arg z = a. 
We denote this domain by Z) a , 

so that D = D n . The investiga- 
tion we have just undertaken 
shows that 

(1) the double-valued func- 


tion Y z splits into two regu- 
lar branches in a domain D a1 i.e. the complex z plane with a cut 
along the ray arg z = a connecting the points z = 0 and z = oo; 

(2) at a point z 0 of D a the values of the function are w 0 on one 
branch and — w 0 on the other; 

(3) the range of values that the function admits on the two 
branches depends essentially on the domain D a in which these 
branches split; 


(4) a regular branch of Y z in D a is fixed if the image of an inner 
point of D a is specified or if the image of a boundary point is speci- 
fied (in the latter case it must be stated on which of the two banks of 
the cut the point is taken). 

13.3 The function In z The concept of the logarithm of a com- 
plex number was introduced in Sec. 4.6. It is natural to think of the 
logarithmic function as the inverse of the exponential function. 
We must solve the equation 


e' x 


= z 


(13.9) 


for w. Let z = re'v and w = u -f- iv . Then Eq. (13.9) yields u = 
In r and v = <p -f- 2fcrc ( k = 0, ±1, ±2, . . .). Hence, 

w = In z = In | z | + i (arg z -f 2far), (13.10) 


where arg z is a fixed value of the argument of z, and k is an integer. 
Thus, Eq. (13.9) has at z ^ 0 an infinite number of solutions, which 
are determined by (13.10), i.e. the logarithmic function assumes at 
each point z (z 0) an infinite number of values. The real part 
of this function (In | z |) is determined uniquely. 
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Let us now study the question of how to isolate in a domain D 
a single-valued continuous branch of the logarithmic function, 
i.e. a continuous function whose value at each point of D conincides 
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with one of the values of the multiple-valued function In z. Obvious- 
ly, it is possible to isolate a single-valued continuous branch of 
In z in D if we can isolate in this domain a single-valued continuous 
branch for arg z. 

As in the case of the function | f z, we will take the domain Z> 0 , 
which is the complex z plane with a cut along [0, -j-oo), as D. In D 0 
the function allows separation into single-valued continuous branches. 
Let cp = arg z (the notation is the same as for the multiple- 
valued function arg z) be the continuous branch of the argument 
in D 0 on which 

0 < cp < 2n. (13.11) 

Retaining the former designation for the logarithmic function, 
we put 

w = In z = In | z | + i arg z , (13.12) 

where cp = arg z satisfies (13.11). 

The function w = In z satisfies Eq. (13.9). From (13.11) and (13.12) 
we can see that this function is single-valued and continuous in Z> 0 . 
The function w = In z maps D 0 onto the strip 0 <C Im w < 2n in 
a one-to-one manner (Fig. 49). 

If we use the inverse function theorem or Example 4 in Sec. 7, 
we find that the function In z defined via (13.11)-(13.12) is regular 
in D 0 . This function is called the regular branch in D 0 of the multi- 
ple-valued function In z, and its derivative is calculated by the 
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formula 

(In z)' = -j. 

Note that in D 0 there is an infinite number of single-valued con- 
tinuous branches of the argument, and all of them have the form 

(arg z) h = arg z + 2 kn ( k an integer), (13.13) 

where 9 = arg z is the branch we have just considered, i.e. the one 
that obeys (13.11). Putting k = 1 in (13.13), we obtain the branch 
of the argument (arg z) x and the corresponding regular branch of In z: 

w = (In z) x = In | z | -f- i arg z + 2ni = In z -f- 2 ni. (13.14) 

The function (In z) x maps D 0 onto the strip 2n < Im w <C 4jt (see 
Fig. 49). 

Similarly, if we take k = — 1, we have the function 

w = (In z)_! = In z — 2ju, (13.15) 

which mapsZ ) 0 onto the strip — 2n < Im z < 0 in a one-to-one man- 
ner (see Fig. 49). 

Both (In z) x and (In z)_ x are regular branches of In z in D 0 . 

To isolate a regular branch of In z in D 0 it is sufficient to isolate 
the corresponding continuous branch of arg z (formula (13.13); the 
latter is uniquely determined by the value of arg z at an inner point 
of D 0 or on the boundary of D 0 , i.e. on the upper or lower bank of 
the cut along (0, + 00 ). In particular, the regular branch of In z that 
assumes real values on the upper bank is given by Eqs. (13.11)-(13.12). 

In conclusion we note that regular branches of In z can be isolated 
in other domains as well. In Chap. IV we will consider this aspect 
in greater detail. 

14 The Uniqueness Theorem 

14.1 The uniqueness theorem 

Theorem 1 (the uniqueness theorem) Let / (z) be regular in D and 
let / (z n ) = 0 , n = 1 , 2, ..., where {z n } is a sequence of different 
points , z n £D, n — 1, 2, . . ., such that lim z n = a, a £D. 

Then f (z) = 0 in D. 

Proof . Let us expand / (z) in a Taylor series in powers of z — a: 
/(z)= 2 c k (z — a) h , (14.1) 

k=0 

and let us show that all the expansion coefficients are zero. We 
assume the contrary is true. Then, by Theorem 7 of Sec. 12, there is 
a neighborhood U of point z such that / (z) 0 at z 6 U , z =£ a. 

But this contradicts the hypothesis of the theorem. Hence, all the c n 
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are zeros. The series (14.1) converges in the circle K : | z — a | < p 0 , 
where p 0 is the distance between point a and the boundary of D. Thus, 
/ (z) = 0 in K. 

Now let b be an arbitrary point in D. We wish to show that / ( b ) = 
0. We connect points a and b by a broken line lying entirely in D . 
Let p be the distance between y 
and the boundary T of D; since y 
is a finite broken line lying in Z), 
p must be positive. Next we con- 
struct the circles K 0 , K ly . . K n 
centered, respectively, at points 
z 0 = a, z 2 , . . ., z n = b on y, each 
circle of radius p; points Zj are se- 
lected in such a way that | z^— z^l 
< p/2 at 7 = 1, 2, . . ., n. Then all 
the circles lie in D , and the center 
of each circle K j+1 lies inside the 
circle K i , with / =0, 1, . . ., 
n - 1 (Fig. 50). 

Since p 0 ^ p, cirle K contains circle K 0 \ hence, / (z) = 0 in K 0 . 
We expand / ( z ) in a Taylor series in powers of z — z 3 . Circle K 1 lies 
in Z), whence this series converges in K ± . Since the center z 3 of K 1 
lies in the circle K 0 , then / (z) = 0 in a neighborhood of z 3 and we 
can show, by a similar method, that / (z) = 0 in K x . Continuing this 
reasoning in the same manner, we can show that the function / ( z ) 
is identically zero in all circles K j, so that / ( b ) = 0. The proof of the 
theorem is complete. 

Corollary 1 Let a function f (z) be regular in a domain D , and 
f (z) = 0 on a set E contained in D , which set has a limit point a £D. 
Then f (z) = 0 in D. 

Proof. By the definition of a limit point, there is a sequence of 
different points {z n }, n = 1, 2, . . ., such that z n 6 E and lim z n = 

71-+00 

a. Since / (z n ) = 0 for all values of n and since the points z n lie 
in D, we can say that / (z) = 0 in Z), by the uniqueness theorem. 

Corollary 2 Let two functions , / (z) and g (z), be regular in a domain 
D and coincide on a set E contained in D , which set has a limit point 
a 6 D. Then f (z) = g (z) in D . 

Proof. The function h(z) = f (z) — g (z) is regular in D and h (z) = 0 
at z £ E, so that h (z) = 0 in Z), by Corollary 1. Whence / (z) = 
g(z), z£D. 

14.2 Some additional remarks 

Remark 1 . Consider the function / (z) = sin (1/z). Then / ( z n ) = 0 

at z n = 1/ji/z , n = ±1* ±2, . . ., and lim z n = 0, but neverthe- 

7?-*00 

less / (z) =£ 0. This example does not contradict the uniqueness theo- 
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rem, since the limit point a of the sequence {z n } is not a point at which 
the function sin (Hz) is regular. 

Remark 2 . The uniqueness theorem and Corollaries 1 and 2 are 
also valid when D is the extended complex plane. 

More often we will use the weaker variant of the uniqueness the- 
orem: 

Corollary 3 Let a function f (z) be regular in a domain D and f (z) = 
0 on a curve y lying in D or in a circle Kcz D. Then f (z) == 0 in D. 

The uniqueness theorem is one of the most important properties 
of regular functions and only shows how strongly the properties of 
differentiable functions of a complex variable differ from those of 
differentiable functions of a real variable. For instance, suppose 
that on a segment / of the real axis a function / (x) of the real varia- 
ble x is continuously differentiable or twice continuously differentia- 
ble or n times continuously differentiable or continuously differen- 
tiable an infinite number of times. Let ^cz I be a smaller segment 
and g (x) a function defined on / x and possessing the same properties,, 
i.e. differentiable the same number of times, as f (x). Then there is 
an infinite number of functions f (x) with the above-noted properties 
at x 6 / and coinciding with g (x) at x 6 Ii- 


15 Analytic Continuation 

15.1 The definition and the main properties 

Definition 1 . Suppose the following conditions are met: 

(1) a function / (z) is defined on a set E ; 

(2) a function F (z) is regular in a domain D that contains E ; 

(3) F (z) == f (z) at z 6 E. 

Then the function F (z) is called the analytic continuation of f (z) 
(from set E into domain D). 

An important property of the analytic continuation is its unique- 
ness. 

Theorem 1 (the analytic continuation principle) Suppose set E 
has a limit point a belonging to domain D. Then the analytic contin- 
uation from set E into domain D is unique. 

Proof. Suppose the function / (z) defined on E has two analytic 
continuations, F 1 (z) and F 2 ( z ), into D . Since F 1 (z) == F 2 (z) at 
z£E, we have, by the uniqueness theorem of Sec. 14, F x (z) = 
F o (z) in D. 

In particular, if E is a curve lying in D or a subdomain of D y 
then there is no more than one analytic continuation of f (z) into D . 

Example 1. Find the analytic continuation of the function 

/ (2) - S 2”. 

71=0 
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This series is convergent and is regular in the circle K: | z | < 1. 
We have / (z) = 1/(1 — z), | z | < 1. 

The function F (z) = 1/(1 — z) is regular in the extended complex 
z plane with point z = 1 deleted (we call this domain the D domain) 
and F (z) = / (z) at | z | <; 1. Hence, the function F (z) is the 
(unique) analytic continuation of / (z) from K into D. □ 

15.2 The analytic continuation of the exponential, trigonometric * 
and hyperbolic functions The functions e z , sin z, and cos z were 
introduced in Sec. 4. We wish to show that these functions can 
be defined as the analytic continuations of e x , sin x , and cos x 7 
respectively. Let us assume by, definition, that 


oo 



n=0 


The series on the right-hand side converges for all z’s, whence the 
sum of the series is regular for all z’s (Sec. 12). The function e z for 
real values of z, i.e. z = x, coincides with the function e x: known 
from mathematical analysis. Hence, the function e z is the analytic 
continuation of e x from the real axis into the entire complex plane. 

We introduce the following 

Definition 2. A function that is regular in the entire complex 
plane is called an entire function . 

For example, polynomials and e z are entire functions. 

Theorem 2 If f (z) and g (z) are entire functions , then f (z) ± 
g (z), f (z) g (z), and f ( g (z)) are entire functions , too. 

The proof of this theorem follows from Definition 2 and the prop- 
erties of regular functions (Sec. 12). 

Next we introduce the functions sin z , cos z, sinh z, and cosh z 
through the sums of the following power series: 


sin z — 


S ( — l) n Z 2n+ 1 

(2/i + l)! ’ 

n= 0 


oo 

COSZ= 2 
71=0 


( — l) n z 2n 

(2 n)\ ’ 


OO 


oo 


sinhz = 


S 


z 2n+ i 

(2n + l)I ’ 


cosh z = 


2 z 2n 
(2n)l * 


71=0 71=0 

Since all these series converge at all z’s, the functions sin z, cos z, 
sinh z, and cosh z are entire functions. Moreover, these functions 
are the analytic continuations of the functions sin x , cos x , sinh x , 
and cosh x from the real axis into the complex z plane. 

Now we can introduce the functions tan z, cot z, tanh z, and coth z. 
By definition, 


tan z 


sin z 
cos z ’ 


cot z = 


cos z 
sinz ’ 


tanhz 


sinh z 
cosh z ’ 


coth z 


cosh z 


sinhz 
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The function tan z is regular for all z =^= oo for which cos z =^= 0, 

i.e. at z =7^= ji/2 -f- A: = 0, ±1, ±2, .... The function cot z is 

regular at z =£ kn, the function tan z at z =£ i (jt /2 -(- /cjx), and the 

function coth 2 at ikn, with k = 0, ±1, ±2, .... 

From courses of elementary trigonometry and mathematical 
analysis we know of certain addition theorems and a number of 
identities involving trigonometric and hyperbolic functions of a real 
independent variable. It can easily be shown that these formulas 
remain valid for a complex valued independent variable as well. 

Example 2. Let us show that 

sin 2 z -f- cos 2 z = 1 

for all values of z . 

By Theorem 2, the function f (z) = sin 2 z -f- cos 2 z — 1 is an entire 
function, since sin z and cos z are entire functions. Employing the 
fact that f (x) == 0 for real x , we obtain, by the uniqueness theorem, 
that f (z) == 0 for all values of z. □ 

Example 3 . Let us show that 

e zi+z 2 — e z 'e*» (15.1) 

for all complex z ± and z 2 . 

For real z ± and z 2 this formula is valid. Let z 2 be real and fixed. 
Then the left- and right-hand sides of Eq. (15.1) are entire functions 
of the variable z x . For real z ± these entire functions coincide; hence, 
by the uniqueness theorem, these functions coincide for complex 
valued z x . Thus, Eq. (15.1) is valid for all complex z 1 and for all 
real z 2 . 

Now let us assume that z x is complex valued and fixed. Then the 
left- and right-hand sides of Eq. (15.1) are entire functions of z 2 . 
Since they coincide for all real z 2 , they coincide for all complex 
valued z 2 . We have therefore proved that Eq. (15.1) is valid for all 
complex valued z x and z 2 . □ 


16 Integrals Depending on a Parameter 

16.1 The regularity of integrals depending on a parameter Let 

us consider the integral 

F(z)=\f(t,z)dt (16.1) 

V 

Theorem 1 ^Let the following conditions be met: 

(1) y is a finite piecewise smooth curve ; 

(2) the junction f (£, z) is continuous in z) at y and z £ D, 
where D is a domain in the complex z plane ; 
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(3) for each fixed £ 6 y the function f (£, z) is regular in z in D. 

Then the integral (16.1) is a regular function in D. 

Proof . By virtue of Conditions 1 and 2, the function F (z) is contin- 
uous in D. Let us s?lect an .arbitrary point a £ D and build a cir- 
cle K that contains point a and lies inside D. Next we apply. More- 

ra’s theorem. Let y be a closed curve lying in K . Then we can write 

j F(z)dz= j (f f(Z.z)dt)dz=j ( j fG,z)dz)dZ = 0, (16.2) 

Y' Y' Y Y Y' 

since we can interchange the order of integration and the integral 
along y' vanishes (Cauchy’s integral theorem). By Morera’s theorem, 
the function F (z) is regular in K\ hence, F ( z ) is regular in D. The 
proof of the theorem is complete. 

Corollary 1 Let y be an unlimited piecewise smooth curve and let 
Conditions 2 and 3 and the following condition be met : 

(4) the integral (16.1) is uniformly convergent in z £D f , where D f 
is any closed subdomain of D, 

Then F {z) is regular in D. 

Corollary 2 Let Conditions 1 and 3 be met while f (£, z) may have 
singularities at the ends of curve y. If f (£, z) is continuous in (£, z) at 
z 6 D and b 6 7 when £ does not belong to the ends of y and Condi- 
tion 4 is met , then F ( z ) is regular in D. 

The proof of Corollaries 1 and 2 is the same as that of Theorem 1; 
the integrals in (16.2) can be interchanged due to the uniform con- 
vergence of the integral in (16.1). 

Theorem 2 Suppose the conditions of Theorem 1 are satisfied . 
Then 

F’ (z) = j g/ gj - <g, . . z 6 D. (16.3) 

V 

Proof. Let K be the circle |z — a r lying in D and let y r be 
its boundary. Then for | z — a | < r we have 

F ‘ W - w j <£V‘ - 4r 1 TrV ( I /«■')«) dt 

Y Y' Y . 

The order of integration can be interchanged due to the con- 
tinuity of the integrand and the finiteness of the curves y and y r . 

Remark . Theorem 2 remains valid when the conditions of Corolla- 
ry 1 or 2 are met, and the integral in (16.3) converges uniformly in 
z £D r , where D' is any closed subdomain of D. 


8-01641 
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16.2 The analytic properties of integral transformations The 
most widely-used integral transformations in mathematical physics 
are the Laplace, Fourier, and Mellin transformations. 

Let a function / ( t ) be defined on the semiaxis 0. Its Laplace 
transform is defined thus: 

oo 

F(z) = j e~ zi f(t)dt. (16.4) 

0 

Theorem 3 Let the function f (t) be continuous for t^O. Suppose 
it satisfies the estimate 

|/(0 |< Ce ai , 0. (16.5) 

Then its Laplace transform F (z) is a junction regular in the half- 
plane Re 2 >a. 

Proof . We will use Corollary 1 of Theorem 1. Conditions 2 and 3 
of Theorem 1 are met. Let 6 >0 and Re z > a + 6, t^O. Then 

|/(0 e~ zt | 


Since the integral j Ce~ 6t dt is convergent, we see, from Weierstrass’s 
o 

test, that the integral in (16.4) converges uniformly in z at Re z 
a + 6 and the function F (z) is regular in the half-plane. Since 
6 > 0 is arbitrary, the function F (z) is regular at Re z > a. 

The Fourier transform of a function f (t) defined on the real axis is 
given by the following formula: 

oo 

F{z)= j e izt f (t) dt. (16.6) 

— oo 

Theorem 4 Suppose the junction is continuous for — oo < t < oo 
and satisfies the estimates 

|/(f)|<<V-«‘, i>o, 

1/(0 o, ( 

where a > 0 and (5 > 0. Then its Fourier transform F (z) is a function 
regular in the strip — a <C Im z < p. 

Proof . We split the integral in (16.6) into two integrals: 

oo 0 

F (*) = J e M f ( t ) dt + j e izt f ( t ) dt E F l ( z) + F 2 (z). 

0 — oo 

In view of condition (16.7) and Theorem 3, the function F x {z) is 
regular in the half-plane Re ( — iz) > — a and the function F 2 (z) 
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in the half-plane Re ( iz ) > — p. The proof of the theorem is complete. 

In particular, if f (t) is finite, i.e. /(/)s0 at \t | >7\and 
continuous at | t its Fourier transform is an entire function. 

This follows from Theorem 1, since in this case 



The Mellin transform of a function / ( t ) defined on the semiaxis 
t ^ 0 is defined by the following formula: 

oo 

F[(z) = j **-»/ (t) dt. (16.8) 

0 

Here f = e zln \ t >0. 

Theorem 5 Let the function\ f (t) be continuous at t > 0 and satisfy 
the estimates 


l/WKCi**, 0<f<l, 

\f(t) 1<*<oo, 


where a > p. Then its Mellin transform is a function that is regular in 
the strip — a < Re z < — p. 

Proof. We split the integral in (16.8) into two integrals: 


F 


1 OO 



<*"7(0 d< — F ( <*) + F a (z). 


Suppose 0 < t + 1 and R ez > — a +6,6 >0. Then 

\t t ~ 1 1 ( t ) |< cj*- 1 . 

1 

Since dt converges for 6 >0, by Weierstrass’s test the 

o 

integral F 1 (z) is uniformly convergent in z for Re z — a + 6. By 
Corollary 2, the function F 1 (z) is regular in the half-plane Re z > 
—a* 

Next, for t^ 1 and Re — P — 6, 6 >0, we have 
I \t z - 1 f{t) |< C 2 t-*~K 


From the convergence! of the integral and Corollary 1 it 

l 

follows that F (z) is regular in the half-plane Re £ <C — p. The proof 
of the theorem is complete. 

The Fourier and Mellin transforms are related through the fol- 
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lpwing formula: : 

[M (/ \ t ))] (z) = IF (/ (**))] (-iz), ; (16.10) 

where [M (cp (£))] (z) is the Mellin transform and [F (cp (£).)] (z) is 
the Fourier transform of the function (p ( t ). Indeed, by making the 
substitution t = e x we obtain 

oo oo 

^ [M (/(*))] (z) = j f'f (t) dt = j e”f (e') dx 

0 — oo 

(here we assume that all the integrals converge). The last integral 
poincides with the right-hand side of (16.10). 

In particular, employing (16.10), we can derive Theorem 5 from 
Theorem 4. 

16.3 The analytic continuation for the gamma function The 

gcbtnma function T (x) for real x > 0 is defined by the formula 

oo 

Y(x)=^t x - l e- l dt (16.11) 

0 

and is the Mellin transform of e~ f . (This function was introduced by 
Euler to interpolate the factorial function ra!.) Let us consider the 
integral f * ! ' * 

[T (z) = J ' (16.12) 

o 

We have 1, 0^£^1, and t^> 1, where ji is 

real and positive, but otherwise arbitrary. By Theorem 5, the func- 
tion T (z) is regular in the strip 0 < Re z <C. P for any P > 0, so 
that T (z) is regular in the half-plane Re z •> 0. Thus, we have found 
the analytic continuation of T (x) from the semiaxis (0, -4-oo) into 
the right half-plane. 

- '' For real x > 0 the gamma function satisfies the fbllowing function- 
al relationship: 

T (x + 1) = xT (x). 

By the uniqueness theorem, 

T (i + 1) = zT (z) 

at Re z > 0, so that 

• T(z)=*— T(z + 1), Re z > 0. (16,13) 

z 
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The function T (z + 1) is regular in the half-plane Re z> — 1. 
Hence, the function on the right-hand side of (16.13) is regular in 
the domain D x = {Re z > — 1, z =/= 0} and, hence, T ( z ) is con- 
tinued analytically into D v But now the right-hand side of (16.13) 
is regular in the domain D 2 = {Re z > —2, z =£ 0, z =^= — 1), and 
we have continued analytically the gamma function into D 2 . Com 
tinuing this reasoning, we arrive at the following result: 

The gamma function allows analytic continuation into the entire 
complex plane with the points z = 0, — 1 , —2, . . . deleted. 

This method of analytic continuation is based on the functional 
relationship (16.13) and therefore has a very restricted area of appli- 
cation. Here is another, more general, method. We split the inte- 
gral in (16. 12^ into two: 

[i 

T(z)= j dt-\- | t z ~^e~ x dt = F i (z) + F 2 (z). (16.14) 

o (i 


By Theorem 5, the function F 2 ( z ) is an entire function and F 1 (z) is 
a regular function for Re z > 0. Hence, we need only continue 
analytically the function F x ( z ). 

To this end we expand e~ l in a Taylor series: 




= 2 


(-D n 


t n . 


n=0 


This series converges uniformly at 0^ 1. If we multiply it 

by with R eO 1, the new series will also be uniformly conver- 
gent at 0^ 1. We have 



oo 

t" dt 2 


(-l) n 

' z~\-n 


_1_ 

nl 


(Rez>l). (16.15) 


0 n — 0 n=0 

( 1)71 1 

The terms - — -rof the last series are regular in the entire com- 

plex plane except at the points z = 0, —1, —2 .... Let D p be 
the complex z plane with the p-neighborhoods of the points z — 0, 
— 1, -^2,'V . . deleted. Then | 1 /(z + n) | ^ 1/p at -z + and the 
series on the right-hand side of (16.15) is uniformly convergent at 
z £ Z) p , so that the sum of the series is regular in the complex z 
plane with the points z = 0, —1, —2, . . . deleted. Thus, the formula 


oo oo 

r (*) = S iJiqrT TT + I 

71 = 0 ] 1 . 

gives the analytic continuation of the gamma function onto the 
entire complex plane with the points z = 0, — 1, — 2, . . . deleted. 
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16.4 The analytic continuation for the Laplace transform We 
will now study another important method of analytic continuation 
of functions defined through integrals, the method of rotation of 
the integration contour. 

Theorem 6 Suppose that a function f (£) is regular and bounded 
in the angle | arg £ |^a< jt/2. Then its Laplace transform F (z). can 
be continued analytically onto the angle | arg z | < jt/2 -f- a. 

Proof . We consider the integral 

F, (z)= j«r*C/(£) dl, (16.17) 

where l p is the ray 0 ^ | £ | < oo, 
arg £ = — p, with 0<P< a. We wish 
to show that 

oo 

F fi (x) = F 0 (x)= ^f(t)dt (16.18) 

0 

Fig. 51 at x >0. Consider the closed contour C R 

consisting of the segments [0, if] and 
[Re -i P, 0] and the arc y R : | £ | = R » — P ^ arg £ ^ 0 (Fig. 51), 
By Cauchy’s integral theorem, 

j d£=0. 

C R 

We must show that the integral along y R tends to zero as R ->■ oo # 
By hypothesis, | / (£) |< M at 0< | £ | < oo and | arg £ |< a. 
Moreover, £ = Re 1(J) , — P^C cp^ 0, at £ 6 Yr- Hence 

j j | e-^l MCI 

?r v r 

o 

= MR j e~ xR cos * d<p < MR$e~ xR 003 •» 0 

-P 

(R — >- oo , x >0). Going over to the limit as /?->• oo in the identity 

(J + J+ j )e-*C/(0« = 0, 

o V R Re-^P 

we arrive at (16.18). Moreover, since £ = p^” l P, on 

ray Z p , we have 

oo 

(z) = j c-P(« _ip )/(pe- i P)e- i P dp. 
o 
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Employing the fact that | / (p£" i|3 ) M at 0^ p < oo, we obtain, 
via Theorem 3, that the function F$ ( z ) is regular in the half-plane 
Re (; ze -i P) >0, while the function F 0 (z) is regular in the half-plane 
Re z >0. We put 


| F 0 (z), Re 2 > 0, 

1 F p (z), Re (ze-W) > 0. 


(16.19) 


Since F 0 (x)== F 3 (x) at x >0, the function O (z) is regular in the 
union of the half-planes Re z >0 and Re (ze^) >0, i.e. in the 
angle — jx/2 < arg z < ji/2 -f- p. But p is any number such that 
P < a. Hence, we have continued analytically the function F (z) 
into the angle — n/2 < arg z < n/2 -f- a. Similarly, by selecting (J 
in such a way that — P <C 0, we find that F (z) can be continued 
analytically into the angle — n/2 — a < arg z <C jx/2. The proof of 
the theorem is complete. 

Example 1. Consider the function 

F(x)= (*><>)• 

o 

The function / (£) = 1/(1 -f- £) is regular and bounded in any angle 
I arg £ a < n/2. Hence F (a:) allows analytic continuation into 
the angle | arg £ I < n/2 -f- a, i.e. into the complex plane with 
a cut along the semiaxis ( — oo, 0]. □ 

16.5 The Cauchy integral An integral given by the [formula 

V 

is known as the Cauchy integral. We will study its analytic properties 
under the assumption that / (£) is continuous on curve y. 

(1) Suppose y is a finite curve. Then the complement of y consists 
of a finite or infinite number of domains. In each of these domains 
the Cauchy integral, by Theorem 1, is a regular function. But general- 
ly these regular functions are different, i.e. they are not analytic 
continuations of each other. For instance, 

i c i fl. UK 1 , 

2jli K / =1 £ - z to, |*|> 1 . 

First let us show that the function represented by a Cauchy inte- 
gral is regular at the point at infinity. Making the substitution z = 
w _1 and assuming that F (z) = G ( w ), we obtain 

V 
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Since y is a finite curve, the denominator £ w — 1 is nonzero for 
small w's and, by Theorem 1, the function G (w) is regular at point 
w = 0. 

(2) Suppose y is an infinite curve. For the sake of simplicity 
we will consider the case where y is the real axis. Then 

— oo 

Let us assume that / (t) satisfies the estimate 

|/(0 |< C (1 + \t |)“ a , — r-oo < t < oo, a >0. (16.22) 

Let us show that formula (16.21) defines two functions, F+ (z) 
and F_ (z), regular in the half-planes Im z >0 and Im z < 0, re- 
spectively. We will use Corollary 1 . Let us consider the case Im z >0. 
We assume that z = x -f- iy lies in the semistrip II : | x a, 
y^b, with a >0 and b >0. For real t and for z 6 II we have 
| t — z | 2 = (t- x) 2 + y 2 _ 2 \t | a >* 2 / 2 if \t | > 4a. 

Hence 


u 6 ri, i<i>4«j). 

Since the integral l g (t) dt is convergent, by Weierstrass’s 

|<1^4a 

test the integral in (16.21) is uniformly convergent in z 6 II. By 
Corollary 1 the function F (z) is regular at z 6 II, and since we can 
select a > 0 as large as desired and b > 0 as small as desired, the 
integral in (16.21) represents the function F+ (z), which is regular 
in the upper half-plane. We can prove similarly that the integral 
in (16.21) represents (#), which is regular in the lower half-plane. 
Example 2. Let a function / (z) be continuous on the semiaxis 
0 and satisfy the estimate (16.22). Then the Cauchy integral 

F 

0 

represents a function that is regular in the plane with a cut along 
the semiaxis [0, +oo). □ 

(3) If the function / (£) is regular on the path of integration y, 
the Cauchy integral allows analytic continuation across the path of 
integration. The method used in this process consists of shifting the 
integration contour. 


fjt) 

t — z 
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Example 3. Let 

.( IP+l Mt-i d z|<2 >- 

1 1 1 =2 

The function (z) is regular in the circle | z | < 2. We wish to show 
that the function can be continued analytically onto the entire 
complex z plane. We put R > 2. Then 


Fr ^ 2 ni J (r-+lHC- z ) 

i ; i =r 

This function is regular in the circle j z | < R. Let us demonstrate 
that 

Fr (z) = F (z) (| z | < 2). (16.23) 

This should prove our proposition. The integrand / (Q = (C 2 +!l)“ 1 X 
(£ — z)~ l is regular in the annulus | z | < | £ | < °o if | z | > 1, 
since l/(£ 2 + 1) is regular for all £ ±i. 

Hence, by Cauchy’s integral theorem, the integrals along the 
circles | £ | = 2 and | £ | = R of the function / (£) are equal at 
| z |< 2, which proves the validity of (16.23). □ 

This example allows the following generalization. Take the Cauchy 
integral (16.20) with y a simple closed curve. Then this integral 
defines a function regular in the region D 0J the interior of y. 

Suppose / (£) is regular inside a closed domain D bounded by two 
curves, y' and y, with y' a simple closed curve and y lying inside y' . 
Then the formula 



gives the analytic continuation of the function F (z) into the domain 
D\ the interior of y' . Indeed, the function / (£)/(£ — z) is regular 
in D if z £ D Qy so that by Cauchy’s integral theorem 


11 L f 

2j U J 


V' 



V 




The integral on the left-hand side represents a function that is regu- 
lar in D\ while the integral on the right-hand side is F (z). Hence,. 
F y ' (z) = F (z) (z £ D 0 ), and our proposition is valid. 

A similar method can be applied to integrals of the (16.21) type. 
Theorem 7 Let the junction / (£) be regular in the strip — 

Im and satisfy the condition 

1/ (C) |<C (1 + m)-°S ct>0 (-a< Imi£<0). 

Then the integral (16.21) allows analytic continuation into the half- 
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plane Imz> —a, and the continuation F a (z) is given by the formula 

— ia+ao 

= J 1=7^ (Im z > a). (16.24) 

- ia-oo 

Thus, we have discussed the following methods of analytic conti- 
nuation for functions represented through integrals: 

(i) integration by parts; 

(ii) rotation of integration contour; 

(iii) shift of integration contour. 

Other examples of analytic continuation will be considered Jin 
Secs. 21 A and 23. 



Chapter III 


The Laurent Series. Isolated Singular 
Points of Single-Valued Functions 


17 The Laurent Series 

17.1 The domain of convergence of the Laurent series A series 
of the form 


2 «» (*-«)", (17.1) 

71= -OO 

where a is a fixed point in the complex z plane, and the c n are given 
complex numbers, is called a Laurent series. The series is said to 
converge at point z if 

2 c n {z-a)\ (17.2) 

71=0 

— <XJ OO 

2 c n (z-a)"=2 (17-3) 

71= - 1 71= 1 

■converge at this point, while the series (17.1) is the sum of the se- 
ries (17.2) and (17.3). 

The series (17.2) is a power series and, hence, its domain of con- 
vergence is the circle | z — a | < R (at i? = 0 the series (17.2) is 
convergent solely at point a, while at R = oo its domain of con- 
vergence is the entire complex plane). Putting 1 l(z — a) = t in 

oo 

(17.3), we arrive at the power series Yl c„ n t n , whose domain of 

n= 1 

convergence is the circle | t | < a. Hence, the series (17.3) converges 
in the domain | z — a | > p, with p = 1 la. If 

P < R , (17.4) 

then the series 5(17.1) converges in the domain 

p] < | z - a | < i?, (17.5) 

which is an annulus centered at point z. 

At each point lying outside the closed annulus (17.5) the Laurent 
series (17.1) is divergent, since one of the series, (17.2) or (17.3), is 
divergent. Thus, if condition (17.4) is met, the domain of conver- 
gence of the series (17.1) is the annulus (17.5). At the boundary of 
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this annulus the series may be either divergent or convergent. If 
p > R, the series (17.2) and (17.3) have no common domain of 
convergence and, hence, the series (17.1) is ^convergent not at a sin- 
gle point. 

Remark 1. From Abel’s theorem (see Sec. 11) it follows that in< 
each closed annulus p < pi ^ | z — a | ^ R x < R lying in annu- 
lus (17.5) the series (17.1) is uniformly convergent and, by Weier- 
strass’s theorem (Theorem 4 of Sec. 12), its sum / (z) is regular in the- 
annulus (17.5). The converse is also true (see Theorem 1 inSec. 17.2). 

17.2 Expanding a regular function in a Laurent series 

Theorem 1 A function f (z) that is regular in an annulus D : p <C 



| z — a | < R can be expanded 
in this annulus in a Laurent 
series : 

f(z)= S c n (z-a) n , (17.6) 

71= — oo 

where 



Fig- 52 Proof. Consider the annulus* 

D i- Pi < \z — a \ < i?i (Fig. 52). 
We denote the outer and inner boundaries of D ± by F and F ly respec- 
tively. Let z be a point lying in D x . By Eq. (10.4), 


Note that (see the proof of Theorem 1 of Sec. 12) 


4r J'-rS-tf- 2 *»<*-«>”. 

r 71—0 

c = _i_ r . m dt 

° n 2ni J (E-«)n+i ° 


(17.9) 


(17.10) 


We transform the second term on the right-hand side of (17.8). We- 
have 


t — 2 z — a—(l — a) 
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If £ g I\, then 


1C- 


— Pi _ 


q < 1 and, hence, by Weier- 


strass’s test, the series (17.11) is uniformly convergent in £ (£ £ I\) 
for each z 6 D v Since / (£) is continuous on I\, it is bounded on I\. 
This implies that the series 


fJO 

£—2 


s 

k=o 


/(C) 

(z — a)k +1 


(17.12) 


is uniformly convergent in £ on T ± . Integrating the series (17.12) 
term by term and putting k + 1 = — rc, we obtain 

— oo 

-J 7=T^ = 2 *»(*-«)", (17.13) 

Ti n=-i 

Tt 

Substituting (17.13) and (17.9) into (17.8), we find an expansion (17.6) 
that is convergent at each point of the annulus D x . The expansion 
coefficients are given by (17.10) and (17.14). 

By Corollary 2 of Cauchy’s integral theorem (see Eq. (9.13)), 
we can take the circle | £ — a \ = R 0 , p 1 <i? 0 < as the inte- 
gration contour in Eqs. (17.14) and (17.10), i.e. formula (17.7) 
holds. Since can be chosen as close to p as desired and R x as close 
to R as desired, the series (17.6) converges in the entire annulus D . 
The proof of the theorem is complete. 

17.3 The uniqueness of expansion in a Laurent series 
Theorem 2 The expansion of a function f (z) regular in an annulus 
D : p < | z — - a | < R in a Laurent series is unique. 

Proof . Suppose that / (z), which is regular in the annulus D, has 
two expansions in D : 

/(*)= 2 C n (z-a) n = 2 c n (z-a)\ (17.15) 


Multiplying both series by ( z — a)" m_1 , where m is a fixed integer, 
we obtain 


2 c n ( z — a) n ~ m ~ l = 2 C n (z-a) n - m -‘. (17.16) 


Since the two series in (17.16) converge on the circle | z — a | = i? 0 , 
p<.R 0 <iRi integrating them along this circle termwise and 
allowing for the fact that 


j (z — a) h dz= | 


| z -a f=R ( 


o, 

2ni, 


ft=^- 1 
ft = -1 


(ft an integer), 
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we find that c m = c m for each integral m. The proof of the theorem 
is complete. 

From Theorem 2 it follows that the expansion coefficients in the' 
Laurent series of a given function do not depend on the way in which, 
they are obtained. 

Example 1 . The function 

/ = (1-2) (z + 2) 


is regular in the following domains: D 1 \ \ z | < 1, D 2 *• 1 < I z I < 
2, and D 3 : | z | > 2. Let us find the Laurent expansions for 
/ (z) in these domains. We express / (z) as a sum of two partial frac- 
tions: 


fW = T(Thr+-^2)- 


If | z | < 1, then 


oo 

T=r = 2 z ". 


n=0 


while if | z | > 1, then 
1 


1 — z 


1 ^ 1 


71=1 


Similarly, in the circle | z | <C 2 we have 

1 _ 1 V ( — 1 ) n z n 


z + 2 


2 ( 1 +t) n=o 


2« + i * 


(17. 17> 
(17.18) 


(17.19) 


(17.20) 


while if | z \ > 2, then 

1 1 



s 

n—l 


(_l)n-l 2”- 1 


(17.21) 


(a) By virtue of Eqs. (17.17), (17.18), and (17.20), the function 
/ (z) in the domain D x : | z \ < 1 can be expanded in the following 
Laurent series: 

/<*)= 

n=0 

This is simply a Taylor series. 

(b) In D 2 : 1 < | z | < 2 the expansion of f (z) in a Laurent series 
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(see Eqs. (17.17), (17.19), and (17.20)) has the following form: 


W-S(-t)7+Jw- 

71=1 71 = 0 

This series contains both positive and negative powers of z. 

(c) In D 3 : | z | > 2 the function / ( 2 ) can be expressed as a Lau- 
rent series with only negative powers of z (see Eqs. (17.17), (17.19), 
and (17.21)): 

x VI ( — I)n-I2n-1_ 1 
f 2 3 z n • □ 

ru«l 

Remark 2 . Note the link between a Fourier series and a Laurent 
series. Suppose function / (z) is regular in the annulus 

5 1 <hl<l + 8 2 , (0<6 1 <1 1 6 2 >0), (17.22) 

which contains the unit circle | z | = 1. Then we can express this 
function as a Laurent series: 


f(z)= 2 c n z n , 

71= -OO 

whence, putting z = e i(p , we arrive at the Fourier expansion of the 
function 


F (cp) = / (e i ">) = 2 c n e in<s> . 


(17.23) 


7l*»— 00 

Conversely, if we can represent a function F (cp) in the form 

F (cp) =/ (e^), 

where / (z) is regular in the annulus (17.22), the series in (17.23) is 
the Fourier series for F (cp). 

17.4 Cauchy’s inequalities for the coefficients of the Laurent 
series 

Theorem 3 Let a function / (z) be regular in an annulus D : p 0 < 
. z — a |<i?o* Then the coefficients of the Laurent series 


/(z)= S c n (z — a) n 


for f (z) in D satisfy the following inequalities : 


<nl< 


M 

R n 


n = 0, ±1, ±2, . . . , 


(17.24) 
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where M = max | f (z) |, with y R : | z — a | = R and p 0 < 

zty R 

R < R 0 . The inequalities (17.24) are called Cauchy's inequalities 
for the coefficients of the Laurent series . 

Proof . Employing (17.7), we find that 

J KK s%nr 5 l«l 

\Z-a\=R \l~a\=R 

18 Isolated Singular Points of Single-Valued Functions 

18.1 Glassification of isolated singular points of single- valued 
functions 

Definition 1 . Suppose we have a single-valued function f (z) that 
is regular in an annulus 0 < | z — a | < p but is not regular at point 
a (a oo). Then point a is said to be an isolated singular point of 
/ (z), or simply an isolated singularity . 

The annulus 0 < ] z — a | < p, i.e. the circle | z — a | < p 
with its center deleted, will sometimes be called a punctured neigh - 
borhood of point a. 

Similarly, the point at infinity is said to be an isolated singular 
point ( isolated singularity) of the function f (z) if the latter is regular 
in the domain p < | z | < oo. 

Depending on the way in which / (z) behaves near point a three 
types of isolated singular points are distinguished. 

Definition 2. An isolated singular point of a single-valued func- 
tion / (z) is 

(a) a removable singular point if lim / (z) exists and is finite; 

z-+a 

(b) a pole if lim / (z) = oo; 

z-+a 

(c) an essential singularity if lim / (z) does not exist. 

z->a 

Example 1. For the function / (z) = sin z/z point z == 0 is a remo- 
vable singular point since / (z) is regular at z =^= 0 and 

z srr + • • • 

. sin z i • 31 j _ 

lim = lim = 1. □ 

z.-> o z z-+Q z 

Example 2. For the function / (z) = z/(z + 1) point z = — 1 is 
a pole because / (z) is regular at z=£ — 1 and lim / (z) = oo. □ 

z->— 1 

Example 3. The point z = oo is an essential singularity for e z , 
sin z, and cos z since all these functions are regular in the entire 
complex plane and do not have a limit as z-> oo. Indeed, lim 

z-^+oo 

oo and lim e* = 0, while both sin x and cos x have no limit 

*-►— oo 

as x oo. □ 
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Example 4. For the function f (z) = e 1 / z2 the point z = 0 is an essen- 
tial singularity because / (z) is regular at z =^= 0 and has no limit as 
z-+- 0. Indeed, if z = x, then 

lim / (z) = lim e ifx * = oo, 
z -*>0 *-► 0 

while if z = iy, then 

lim / ( 2 ) = lim e~ 1/y2 = 0. □ 
z -+ 0 y -0 

18.2 The Laurent series in a neighborhood of a singular point 

Suppose we have a function / (z) that is regular in an annulus 
K : 0 <i \ z — a | < p- Then we can expand this function in the 
following Laurent series: 

00 00 

/(*)= S Cn (*“«)"+ 2 -J^yT, (18.1) 

72=0 72=1 

which converges in K . 

Definition 3 . The series (18.1) is called the Laurent series of func- 
tion / (z) in a neighborhood of point a , while the two series 

00 

fi (*) =2 TrrSjs-. (18.2) 

71=1 

/ 2 (z)= 2 *»(*-«)" (18.3) 

71=0 

are called, respectively: the principal part and the regular part of the 
series (18.1). 

Suppose a function / (z) is represented in a neighborhood of the 
point at infinity, i.e. in the domain R < | z | < 00 , by a conver- 
gent series 

/(*)= 2 C n2 n - (18.4) 

71= -OO 

Definition 4 . The series (18.4) is called the Laurent series of func- 
tion f (z) in a neighborhood of the point at infinity, while the two series 

00 

ft (*) = 2 «»*". (18.5) 

72=1 

/* (*) = *„+ 2 (18.6) 

71 = I 

are called, respectively, the principal part and the regular part 
of the series (18.4). 


9-01641 
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Remark 1 . The principal part of a Laurent series in a neighborhood 
of a point a (both finite and at infinity) is, by definition, the sum 
of those and only those terms of the Laurent series that tend to infin- 
ity as z -> a. 

The principal part of a Laurent series is a function that is regular 
in the entire complex plane except at point a, while the regular part, 
i.e. the difference between the function / (z) and the principal part 
f x (z), is a function regular at point a. 

Example 5. The Laurent series of the function / (z) = z 2 e l/Z in 
a neighborhood of point z = 0 is 

/ (z) = 2 2 ( 1 + ^. + . . . + + • • - ) 

oo 

= z 2 +z + -i- + 2 („ + 2 )!z» » ( 18 - 7 > 

71=1 

and, hence, the principal part of the series (18.7) in a neighborhood 
point z = 0 is 

oo 

/l ( z ) = 2 („ + 2)! z n ’ 

71=1 

while the regular part is f 2 (z) = z 2 + z + 1/2. 

The series (18.7), which converges in a neighborhood of the point 
at infinity (this series is convergent in the entire finite plane with 
point z = 0 deleted) is the Laurent series of / (z) in a neighborhood 
of point z = oo. The principal part of the series (18.7) in a neighbor- 
hood of point z = oo is z 2 + z and the regular part is 

oo 

i , s? 1 

T 1 ^ (n + 2)\ z n * D 

71=1 

Example 6. Let us find the Laurent series of 

/(*)= cos^r 

in a neighborhood of the point z = — 1. We have 

/ (z) = cos ( 1 z ) = cos' 1 x cos — + sin 1 x sin — . 

Employing the well-known expansions for cos z and sin z, we 
arrive at the Laurent series of / (z) in a neighborhood of point z = 
— 1: 

z A . sin 1 cos 1 

7+r - cos 1 + 7— i 2! (z + 1) 2 


/ (z) = COS 
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sin 1 , , , i xn cos 1 

3! (z-h l) 3 "T- V ) (2«)!( z + l)2n 

-f (_ l) n s .‘ n 1 1_ 

' (2n-\-\)\ (z-|-'l) 2n+1 ' ’ ‘ ‘ ' 


(18.8) 


Example 7. To find the regular part g 2 ( z ) of the Laurent series of 
the function g ( z ) = z 2 cos — in a neighborhood of point z = 

— 1, we expand z 2 in a Taylor series in powers of 2 -j- 1. This 
yields 

z 2 = [( Zv + l) — ip = ( Z + l) 2 — 2 (z + 1) + 1. (18.9) 


Multiplying expansions (18.8) and (18.9), we find that 

g 2 (z) = — 2 sin 1 + (sin 1 — 2 cos 1) (z + 1) + cos 1 x (z + l) 2 . □ 


Example 8. To find the principal part } x (z) of the Laurent series 
of the function / (z) = l/(z 2 + 1) in a neighborhood of point z = £, 

we represent this function in the form / (z) = — g (z), where 

z 1 

g(z)=-^-=4r +a ( z - i)+ --- ■ 

Hence, 

Example 9 . The principal part of the Laurent series of 

' ^ = (z 2 + l) (z 2 — 4) 

in a neighborhood of point z = 00 is z 2 because / (z) = Z 2 + 3 + 
g (z), where g (z) is a proper rational fraction (a function that is 
regular at the points at infinity). □ 

18.3 A removable singular point 

Theorem 1 An isolated singular point a of a junction / (z) is 
removable if and only if the principal part of the Laurent series of this 
function is identically zero in a neighborhood of point a. 

Proof. Necessity. Suppose point a is a removable singular point of 
/ (z). By the definition of a removable singular point, 

lim f (z) = A=£ 00 (18.10) 

z-+a 

and, hence, / (z) is regular and bounded in a punctured neighborhood 
of point a, i.e. 

|/(z)|<M, 0 < | z — a | < p. (18.11) 

9* 
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If 0 < pi < p, then (18.11) and Cauchy’s inequalities (Eq. (17.24)) 
imply 

Kl<4 (» = 0, ±1, ±2, ...). (18.12) 

Pi 

Since in this formula we can select as small as desired and since 
the c n do not depend on p l7 we can write c n = 0 for n = — 1, — 2, . . ., 
i.e. the principal part of the Laurent series of / (z) in a neighborhood 
of point a is identically equal to zero. 

Sifficiency. If the principal part of the Laurent series of / ( z ) in 
a neighborhood of point a is identically equal to zero, then 

/ (z) = c 0 + c x (z - a) + C 2 (z - a) 1 2 + . . ., (18.13) 


with the series (18.13) converging in an annulus 0 < | z — a | < p. 
But this power series converges in the entire circle | z — a | < p 
and, hence, lim / (z) = c 0 , i.e. point a is a removable singular 

z^a 

point of / (z). 

The above proof implies that condition (18.10) can be replaced by 
condition (18.11). We have therefore arrived at 

Theorem 2 An isolated singular point a of a junction f (z) is remov- 
able if and only iff (z) is regular and bounded in a punctured neighbor- 
hood of point a . 

Remark 2. If we continue the function / (z) to point a via the con- 
tinuity of / (z), i.e. / (a) = lim / (z) = c 0 , we arrive at a func- 

z-*a 

tion that is regular at a: 


<30 


/(z)= S c n (z — a) n , 

n = 0 


\z— a\ <p. 


This fact justifies the term “removable singular point”. For this rea- 
son we will often consider removable singular points as regularity 
points. 

Example 10. The function 


/(*) 


1 — cos z 


is regular at point z = 0 since it is regular in a punctured neighbor- 
hood of this point and, as z-^ 0, 

e 2 — 1 ~ z, (£ 2 — l) 2 ~ z 2 , 1 — cosz~-^-, 

which implies that lim / (z) = 2, or / (0) = 2. □ 

x-+ 0 

Example 11. The function / (z) = cot z - 1/z is regular at z = 0 
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since 


cot Z: 


cos z 
sin z 


1 -ir+' 


3! 




where g (z) is regular at point z = 0. □ 

18.4 A pole 

Theorem 3 Point a =^= oo is a pole of a junction f (z) if and only 
ij this function can be represented in the form 

f (z) = (z - a)- m ip (z), ^ (a) =£ 0, (18.14) 

where \ p (z) is regular at point a, and m is a positive integer (m is called 
the order of pole a of f (z)). 

Similarly , the point z = oo is a pole of a function f (z) if and only if 
this function can be represented in the form 

f (z) = z m h (z), h (oo) 0, (18.15) 

where h (z) is regular at point z — oo, and m is a positive integer 
(called the order of pole z = oo of f (z)). 

Proof. Suppose a ^ oo is a pole of / (z). Then / (z) is regular in 
a punctured neighborhood of point a and lim / (z) = oo, which 

z-*a 

implies that 

| / (z) I > 1 (18.16) 

in an annulus A : 0 < | z — a | < p (we select p in such a way that 
/ (z) is regular in K). 

Consider the function g (z) = 1// (z). It is regular in A since / (z) 
is regular in K and does not vanish in this annulus by virtue of 
(18.16). Hence, a is an isolated singular point of g (z). From (18.16) 
it follows that | g (z) | < 1 in K and, by Theorem 2, we find that a is 
a removable singular point of g (z). Putting 

s( “ )= !L“w“ 0 ' 

we find that g (z) is regular in the circle | z — a | < p and point a is 
a zero of g (z). 

Let m be the order of this zero. By Theorem 6 of Sec. 12 (Eq. (12.36)), 
g (z) = (z — a) m h (z), where h (z) is regular at point a, h (a) 0. 

This yields 

/ ( 2 ) = = (Z —a)- m (z), 

where ij> (z) = ilh (z) is regular at a , \|) (a) = 1 ih (a) =5^ 0. 

Conversely, Eq. (18.14) implies that / (z) is regular in a punctured 
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neighborhood of point a and lim / (z) = oo, i.e. z = a is a pole 
of / (z). 

Now suppose that z = oo is a pole of f (z). As in the case of a finite 
point, z = oo is a zero of the function g (z) = 1 If (z). To conclude the 
proof we need only apply Theorem 6 of Sec. 12 (Eq. (12.39)). 

Corollary 1 An isolated singular point a =^= oo of a function f (z) 
is an mth order pole of this function if and only if the following as- 
ymptotic formula is valid : 

/ (z) - A (z — a)- m , A=£ 0 (z-+a). (18.17) 

A similar formula is valid in the case where the point at infinity 
is an mth order pole of / (z): 

/ (z) - Bz m , B =/= 0 (z —*■ OO). (18.18) 

The definitions of the order of a pole and the order of a zero (or 
Eqs. (18.17), (18.18), (12.40) and (12.41)) imply that an mth order 
pole can be thought of as a zero of negative order, — m. 

Theorem 4 An isolated singular point a of a function f (z) is a pole 
of this function if and only if the principal part of the Laurent series 
of f (z) in a neighborhood of point a consists only of a finite number 
of terms. 

Proof. Suppose that point a ^ oo is an mth order pole of / (z). 
Then Eq. (18.14) is valid. Expanding (x) in a Taylor series in 
a neighborhood of point a, we obtain for / (z) a Laurent series in the 
same neighborhood: 

/(g)= J^yr +...+^+c 0 + c i (z-a)+... . (18.19) 


m 

Its principal part /i (z) = 2 contains only a finite num- 

k=i 

her of terms (the number of terms no higher than m) with c_ m 0, 
where m is the order of pole a. 

Conversely, from (18.19) it follows that Eq. (18.14) is valid; hence, 
a is an mth order pole of / (z). We have thus proved the theorem 
for the case of a finite pole. If point z = oo is a pole of / (z), we need 
only employ Eq. (18.15). 

Example 12. For the function / (z) = 1/sin (1/z) the points z h = 
1/Zcjx (k = ±1, ±2, . . .) are first order poles since the function 

g (z) — iff (z) = sin (1/z) is regular at z =7^= 0 and points z h are first 
order zeros of g (z) (g' ( z k ) 0). Hence, point z = 0 is a nonisolated 

singular point (a limit or accumulation point for the poles). On the 
other hand, point z = oo is a first order pole of / (z) since / (z)~ 
z(z— >- oo). □ 

Example 13. For the function / (z) = (1 — cos z)/(e z — l) 3 the 
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point z = 0 is a first order pole since both cp (z) = 1 — cos z and 

\p ( z ) = (e z — l) 3 are regular in a neighborhood of z — 0 and, as 

z-+- 0, we have 1 — cos z~ z 2 l 2 and (e z — 1) 3 ~ z 3 , i.e. / (z) ~ 
1/2 z. The points z h = 2kni ( k = ±1 , ±2, . . .) are third order 
poles of / (z) since they are third order zeros of the function (z), 

while cp (z h ) 0. The point z = oo is a nonisolated singular point 

(a limit or accumulation point for the poles) of / (z). □ 

18.5 An essential singularity 

Theorem 5 An isolated singular point a of a function f (z) is an 
essential singularity of this function if and only if the principal part oj 
the Laurent series of f (z) contains an infinite number of terms in a nei- 
ghborhood of point a . 

The proof follows from Theorems 1 and 4. 

Example 14. Point z = 0 is an essential singularity of the func- 
tion 


f(z) = e »/*=2 r 

n—0 

since the principal part of the Laurent series of e x P contains an 
infinite number of terms. □ 

Example 15. Point z = oo is an essential singularity of the func- 
tion 


oo 

/(z)=cosz= 2(-i) n iSr 

71=0 

since the principal part of the Laurent series of cos z contains an 
infinite number of terms in a neighborhood of point z = oo. □ 
The behavior of a function in a neighborhood of an essential sin- 
gularity is governed by 

Theorem 6 (Sochozki’s theorem) Let point a be an essential 
singularity of a function f (z). Then each complex number A has corre- 
sponding to it a sequence of points {z n } that converges to point a and 
lim f (z n ) = A. 

n -*-oo 

Proof. (1 ) A — oo. Note that there is not a single neighborhood of 
point a in which / (z) is bounded, since otherwise point a, by Theo- 
rem 2, would be a removable singular point. This means that for 
each positive integer n there is a point z n in the annulus K n : 0 < 
I z — a | < lln such that | / (z n ) | > n , i.e. z n -^ a and / (z n )->- 
oo as oo. 

(2) A =/= oo. Note that if for each positive e and each positive 6 
there is a point z 6 (0 < | z 6 — a | < 6) such that | / (z p ) —A |< e, 
the theorem is valid (it is sufficient to take e = 1/ft and 8 = 1/ft, 

ft = 1, 2, . . .). 
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Suppose the above statement is not true. Then there is a positive e 0 
and a positive 6 0 such that for all z: 0 < | z — a | < 8 0 we have 

\f(z)-A\>e 0 . (18.20) 

Take the function 

8 < z > = 7W=T ■ < i8 - 21 > 

From (18.20) and (18.21) we have 

l^(a)K-r. 0 < |z — a | < 6 0 . (18.22) 

8 0 

Since a is an isolated singular point of / (z), it is an isolated singu- 
lar point for g (z), too (g (z) =£ 0 in the annulus 0 < |z — a | < 60 
by virtue of (18.20)). 

By Theorem 2, point a is a removable singular point of g (z) and, 
hence, 

lim g (z) — B. (18.23) 

2->a 

From (18.21) we have 

f(z) = A + -±^, 0 < |z — a| < 6 0 , (18.24) 

w T hile from (18.23) and (18.24) it follows that lim / (z) does indeed 

Z -+CL 

exist (it is finite if B =£=■ 0 and infinite if B = 0), i.e. point a is either 
a removable singular point of / (z) or a pole, which contradicts the 
hypothesis of the theorem. The proof of Sochozki’s theorem is com- 
plete* 

We will now formulate a deeper theorem that characterizes the 
behavior of a function in a neighborhood of an essential singu- 
larity. 

Theorem 7 (Picard’s second theorem) In any neighborhood of an 
essential singularity the function with such a singularity admits any 
value (and an infinite number of times) with the exception of , perhaps, 
one value . 

We will illustrate Picard’s second theorem with two examples. 
Example 16. Point z = oo is an essential singularity of the func- 
tion / (z) = e z (see Example 3). Consider the equation 

e z = A (A =£ 0). (18.25) 

This equation has the following solutions: 

z k = In | A | + i (arg A + 2kn), (18.26) 

where arg A is a fixed value of the argument of A, and k = 0, ±1, 
± 2 , . . .. From (18.25) and (18.26) it follows that in any neighbor- 
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hood of point z = oo there is an infinite number of points z k at which* 
the function e 2 admits a value equal to A (A 0). This function does 
not admit the value A = 0 (such a value is said to be exceptional 
for e z ). □ 

Example 17. Point z = oo is an essential singularity of / ( z ) = 
sin z, and for each A there is an infinite number of solutions for 
the equation sin z = A: 

z k = -j- In (iA -f t — A 2 ) + 2kn (k an integer). 

Hence, sin z has no exceptional values. □ 

In conclusion of this section we will discuss a number of examples, 
connected with the problem of determining the type of an isolated 
singular point. 

Example 18. Suppose two functions, / (z) and g (z), are regular at 
a point a , with g (z) =^= 0. Then for the function F (z) = / (z)/g (z)* 
point z = a is either a pole or a point of regularity. Indeed, if g (a) =^= 
0, then F (z) is regular at z = a. If point z = a is an mth order zero* 
of g (z) and / (a) =/= 0, then a is an mth order pole of F (z). Finally, 
if point a is an nth order zero of f (z) and an mth order zero of g (z), 
then at n^ m the function F (z) is regular at point a, while at n < m 
point a is an (m — n)th order pole of F (z). 

For instance, the function tan z is regular in the entire complex 
plane except at points z h = jc/ 2 -f- kn (with k an integer), which are 
first order poles. Similarly, the function cot z has first order poles at 

the points z h = kn (with k an integer) and no other finite singular 
points. □ 

Example 19. For a rational function R (z) = P n (z)IQ m (z), where 
P n (z) and Q m (z) are polynomials of, respectively, the nth and mth 
degrees without common zeros, the zeros of the denominator Q m (z)- 
are the only points that are the poles of R (z), i.e. R (z) has no other 
singular points in the finite complex plane. The point at infinity, 
z = oo, is a singular point, namely, an (n — m)th order pole if n > 
m and a point of regularity if m. □ 

Example 20. Suppose point z = a is an essential singularity of 
a function / (z). Then the same point is either an essential singular- 
ity or a nonisolated singular point (a limit or accumulation point 
of poles) of the function g (z) = 1 If (z). Indeed, if there is an annu- 
lus 0 <C | z — a |<6in which / (z) =^= 0, then point a is an isolated 
singular point, precisely, an essential singularity, of g (z). (An 
example: / (z) = e l / z , g (z) = e~ x P , 2 = 0.) But if in any neighbor- 
hood of point a there are zeros of / (z), then for g (z) these points are 
poles and, hence, z = a is a limit or accumulation point of poles 
of the function g (z). (An example: / (z) = sin (1/z), g (z) = 
= 1/sin (1/z), z = 0.) □ 

Example 21. For the function / (z) = e 1 / sinZ the points z h = kn. 



138 


The Laurent Series. Isolated Singular Points 


(k = 0, ±1, ±2, . . .) are essential singularities. Indeed, sin z~ 
( — 1 ) h (z — /at) as z kn. Suppose k is even. Then sin z — +0 
and / (z) + oo as z = x kn + 0, but sin z — — 0 and / (z) 0 

as z = x kn — 0, i.e. / (z) has no limit at point z h . The case of odd 
k's can be considered in a similar manner. The function / (z) has no 
other singular points in the finite plane. The point at infinity, z = oo, 
is a limit or accumulation point of essential singularities of / (z). □ 
Now we will generalize the result of Example 21 . 

Example 22. Let us show that if point z = a is a pole of a function 
f (z), then for the function g (z) — e f W this point is an essential 
singularity. 

Suppose m is the order of the pole. Then, according to Eq. (18.17), 
we have f (z) ~ A (z — a)~ m , A =/= 0 (z ->■ a). Putting A = | A \ e la 
and z — a = re ia , we obtain 

/ (z)~ | A | (18.27) 

Let us consider the ray l x : z — a = re 7 ^ 1 , where cp x = a/m. Then 
(18.27) implies that / (z)~ | A |r“ m (r-^ 0, z 6 ^i), whence 

lim g (z) = oo. Similarly, on the ray z — a = re 1(f)2 , 

Z-"CL, Zfc /l 

where cp 2 = (a + Jt)/m, we have / (z) ~ — | A | r~ m and, hence, 
lim g (z) = 0. All this means that the function g (z) has no 

z-*a, z6Z 2 

limit as z — ^ a, i.e. point a is an essential singularity of g (z). □ 

z 2 

Example 23. For the function f(z) = the points z h = 

sin2 — 77 

2+1 

\ 

— i + ~toT ±2, ...) are second order poles, the point 

z = — 1 is a limit or accumulation point of poles, and point z = oo 

1 1 

is a fifth order pole since sin ~ y, / (z) ^ z 5 (z — oo). The 
function / (z) has no other singular points. □ 

19 Liouville’s Theorem 

The reader will recall that a function that is regular in the entire 
complex is called an entire function. 

Let us expand an entire function / (z) into a Taylor series: 

/(z)=2NnZ n . (19-1) 

71=0 

The series converges at all values of z and, hence, is the Laurent 
series of / (z) in a neighborhood of the point at infinity. 

The only singular point that an entire function / (z) may have 
in the extended complex plane is z = oo. If z = oo is an nth order 



Liouville’s Theorem 


139 


pole of an entire function / (2), then / (2) is an rath degree polynomial. 
An entire function for which z = 00 is an essential singularity is 
known as a transcendental entire function. (Examples: e z , sin 2, 
and cos 2.) 

If an entire function / (2) is regular at point 2 = 00, then / (2) = 
c 0 = const. Thus, the only analytic functions that have no singu- 
lar points in the extended complex plane are constants. 

Theorem 1 (Liouville’s theorem) Let an entire function 

f (z) = 2 c k z k 

h=0 

in the domain | 2 | > R x satisfy the inequality 

| / (2) | ^ M | 2 | n (with n a nonnegative integer). ( 19 . 2 ) 

Then f (2) is a polynomial of a degree no higher than ra. 

Proof. Employing Cauchy’s inequalities (see Sec. 17 . 4 ), we obtain 
for R > R t the following estimate for the expansion coefficients 
in ( 19 . 1 ): 

k = 1 , 2 ,.... ( 19 . 3 ) 

If k > ra, then from ( 19 . 3 ) it follows that c h = 0 , since we can take R 
as large as desired and the coefficients c h do not depend on R. Thus, 
c n+1 = c n + 2 = . . . = 0, i.e. / (2) is a polynomial of a degree no 
higher than ra. The proof of the theorem is complete. 

Corollary 1 If an entire function f (2) is bounded in the entire 
complex plane , it is a constant : 

/ (z) = const. 

Let us use Liouville’s theorem to prove 

The fundamental theorem of algebra Every polynomial P n (2) = 
c 0 + c x z + . . . + c n 2 (c„ =7^ 0, ra^ 1) has at least one zero . 

Proof. Suppose that P n (2) has not a single zero. Then the function 
g (2) = 1 !P n (2) is an entire function. Since g (2) 0 and 2 — 00 

( P n (z)~ c n z n , 2 — >■ 00), this function is bounded in the entire com- 
plex plane, and this means, by Corollary 1 , that g (2) ^ const, 
which contradicts the hypothesis. Thus, the polynomial P n (2) has 
at least one zero. 

A more general class of functions compared to entire functions are 
meromorphic functions. 

Definition. A function / (2) is said to be meromorphic if in each 
bounded part of the complex plane it is regular except, perhaps, 
at a finite number of poles. 

In the entire complex plane a meromorphic function may have an 
infinite number of poles. (Examples: cot 2, 1 /sin 2, and 1 l(e z — 1).) 
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A rational function is meromorphic and has only a finite number of 
poles in the extended complex plane. The converse is also true r 
i.e. we have 

Theorem 2 A meromorphic function f (z) that in the extended com- 
plex plane has only a finite number of poles a x , a 2 , . . a s ( point 
2 = oo may also be a pole) is rational and can be represented in the form 

f(z) = A + f 0 (z)+f l f h (z). (19.4) 

k=i 

where / 0 (z) and f k (z) are the principal parts of the Laurent series of 
f (z) in neighborhoods of points z = oo and a h , respectively , and 

A = lira [f(z) — f 0 (z)]. 

Z-*-oo 

Proof. Let 

m k 

fh (z) = 2 , — and /o (z) = A t z+ . . . + A m z m 

;•=! ( Z ~ a h) } 

be the principal parts of the Laurent series of / (z) at a h and z = oo„ 
respectively. Then 

S ( z ) — f (z) — /„ (z) — fj f k (z) 

h= 1 

is regular in the entire extended plane and, hence, g (z) = A = 
const. Since f k (z) 0 as z -> oo ( k =1,2,.. ., 5 ), we conclude 

that A = lim [/ (z) — / 0 (z)]. 

Z-+ OO 

Remark 1. Formula (19.4) is the partial-fraction expansion of 
a rational function, which is well-known from courses of math- 
ematical analysis (A -j-/ 0 (z) is the entire part of such an expansion). 
Theorem 2 provides a simple way in which this formula can be 
derived. 

Remark 2. It can be shown (see Bitsadze [1]) that every meromor- 
phic function can be represented in the form of a fraction of two 
entire functions. 

Meromorphic functions obey 

Theorem 4 (Picard’s first theorem) A meromorphic function 
that is not a constant admits any complex value except , perhaps , two 
values. 

The values that a meromorphic function does not admit are known 
as Picard's exceptional values. For instance, tan z has two excep- 
tional values, i and — i, i.e. tan z can never be equal to i or — L 
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Multiple-Valued Analytic Functions 


20 The Concept of an Analytic Function 

20.1 Analytic continuation along a sequence of domains The 
concept of analytic continuation plays an extremely important 
role in the theory of functions of a complex variable. A generalization 



Fig. 53 




of this concept leads to the generalization of the concept of a regular 
function, namely, to the concept of a multiple-valued analytic 
function. 

Suppose we have two domains, D 0 and D 1 , whose intersection 
D 01 is not empty and is a domain (Fig. 53). Suppose we have func- 
tions f 0 ( z ) and ^(z) that are regular in Z) 0 'and D x , respectively, and 
coincide in D 01 , i.e. 

/i ( z ) = to ( z )t z 6 D 01 . 

Then the function f x (z) is said to be a direct analytic continuation 
of function f 0 (z) from domain D 0 to domain D x . According to the 
•uniqueness theorem this continuation is unique. 

Now suppose we have a sequence of domains D 0 , D ± , . . ., D n 
such that all the intersections Djf)Dj+ l9 — 1, are not 

empty and are domains (Fig. 54). Suppose we have functions f 0 (z), 
/i (z), . . ., f n (z) such that each subsequent function /; +1 ( q ) is the 
•direct analytic continuation of the previous function fj(z) from do- 
main D j to domain D j+1 . This means that the functions fj(z) are 
regular in the domains D } and that fj(z) ==f J+1 (z), z 

Then the function f n (z) is said to be an analytic continuation of the 
Junction f 0 (z) along the sequence of domains Z) 0 , Z>j, . . ., D n ; and 
this continuation is unique. 

The set of regular functions we have just obtained, {/ 0 (z), f x (z), 
• • fn (z)}, defines a function F (z) whose values are given by the 
formula 


F (z) = fj(z), z 6 D], 
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Note that the "‘function” F (z) may prove to be multiple-valued. 
Indeed, the sequence of domains D 0 , D x , . . D n may form a closed 
loop, i.e. Dq may intersect with D n . But the values of / 0 (z) and f n ( z ) 
in Dq D D n are not obliged to coincide. Also, the multiple-valued- 
ness may appear even at the first step if D 0 [)D 1 consists of more 

than one domain. Figure 55 de- 
picts the case where D 0 f| D x con- 
sists of domain Z) 01 and the shaded 

areaZ) 01 . While for z £ D 01 the func- 
tions f 0 (z) and f x (z) coincide, for 

z £ D 01 these functions do not nec- 
essarily coincide, so that for zg D 01 
either F (z) = f 0 (z) or F (z) = (z), 

and the function F (z) is, gener- 
ally speaking, double-valued. 

The (generally) multiple-valued 
function F (z) is, by definition, 
“composed” or “sewn together” from single-valued elements, the 
regular functions f 0 (z), / 2 (z), . . ., f n (z). A collection of elements 
obtained from the initial element f 0 (z) by analytic continuation 
along the sequences of domains that allow for such continuation is 
called an analytic function F (z). Thus, an analytic function consists 
of regular elements (or, as they are sometimes called, regular 
branches). It is important that the initial element uniquely defines an 
analytic function. 

A concept that is more convenient than that of an analytic con- 
tinuation along a sequence of domains is that of an analytic continu- 
ation along a curve. 

20.2 Analytic continuation along a curve We will say that a 
function / (z) that is regular in a neighborhood of a point z 0 is an 
element at point z 0 . Two elements are said to be equivalent if they 
are fixed at a certain point and coincide in a neighborhood of this 
point. The equivalence relation between elements is transitive. In 
what follows we will assume that each element is considered to with- 
in an equivalence relation. We are now ready to introduce the 
concept of an analytic continuation along a curve. 

Definition 1. Suppose we have a curve y and a continuous function 
<p (z) defined on it. In addition, suppose that for each point £ on 
curve y there is an element / c (z) and that element coincides with 
(p (z) on an arc of curve y that contains point £. 

Then the element f Zx (z) at the terminal point z x of y is called an 
analytic continuation along curve y of the element f Zl (z) fixed at 
the initial point z 0 of y. It is also said in this case that the ele- 
ment f Zn (z) is continued analytically along curve y, or that this ele- 
ment admits of an analytic continuation along curve y. 
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Remark 1 . A function given on curve y is a single-valued function 
of the points of y (see Sec. 4). Precisely, if curve y is given by the 
equation z = o (t), a^Z t ^ |3, then each point z t ~ o ( t ) of y has 
corresponding to it a single number cp (z t ), the value of cp at point z t 
of y. But if y has self-intersections, (p (z) as a function of points in 
the complex z plane may not be single-valued. 

Remark 2. If the element f 2Q (z) can be continued analytically 
along y, it can be continued analytically along a sequence of domains 
covering y. Moreover, f ZQ (z) can also be continued along any curve y' 
that lies sufficiently close to y and has the same end points as y. 
We will prove these facts in Sec. 20.5 (Lemmas 2 and 3). Conversely, 
if a given element can be continued analytically along a sequence of 
domains, we can easily prove that it can be continued analytically 
along any curve lying in this sequence of domains. 

An important property of an analytic continuation along a curve 
is its uniqueness. 

Theorem The analytic continuation of a given element along 
a given curve is unique. 

Proof . Suppose we have a curve y \ z = o (t), and let 

element f 0 (2), which is fixed at the initial point z 0 = a (0) of this 
curve, be analytically continuable along y. Then to each point 
z t = o (t) there corresponds an element f t (2), and cp (t) = f t ( z t ), 
0< 1, is continuous. Suppose that the continuation is not 

unique. Then there is another set of elements f t (2) at points z t of y, 
and cp (t) = ft ( z t ), 0^ 1, is also continuous, but the elements 

f ± (2) and f x (2) at the terminal point of y are not equivalent. If we 
prove that cp (t) = cp (£) at 0^ 1, we have proved the theorem. 

Indeed, the elements f t (z) and f ± (z) coincide on an arc of y containing 
point z l9 since by’definition these elements coincide with the functions 

cp and cp» respectively, on an arc. By the uniqueness theorem these 
elements are identically equal in a neighborhood of point z 1 . 

Suppose M is the set of all V s for which cp (^) = (p (£). This set 
contains the segment [0, 6] provided 6 > 0 is sufficiently small. 

Indeed, the elements / 0 (2) and / 0 (2) at point z 0 are equivalent and 
hence coincide in a neighborhood of this point and, therefore, on 

an arc y : z = a ( t ), 0^ 6, of y. Suppose M =£ [0, 1]. Then 

there is a positive t* such that cp (t) = cp (t), 0^ t < £*, but never- 
theless in any neighborhood of point t* there are points that do not 

belong to M. The continuity of cp and cp implies cp ( t *) = cp (£*), so 
that t* ^ M, and if t* = 1, the proof of the theorem is complete. 

Suppose t* is less than 1. By hypothesis, cp ( t ) coincides with cp (£)> 
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at t*; the elements f t * ( z ) and / t * (z) coincide with cp and (p, 
respectively, on an arc of y containing point z t *, by the definition of 

analytic continuation. Hence, f t *(z) = f t *(z) on an arc z = a (£), 
i* — t*, and by the uniqueness theorem these elements are 

identically equal in a neighborhood of point z t *. Whence, set M 
-contains a segment [t*, t* a], which contradicts the definition of 
number t*. The proof of the theorem is complete. 

20.3 The definition of an analytic function Suppose an element 
f (z) is fixed at z 0 . We continue it analytically along all the curves 
starting at z 0 for which such continuations are possible. The result- 
ing set of elements is called an analytic function generated by el- 
ement f (z). The set of all such curves will be called the set of admissible 
curves. 

This definition of an analytic function belongs to the German 
methematician K.T.W. VVeierstrass. By definition, two analytic 
functions are equal if and only if the initial elements are equival- 
ent. By the theorem of Sec. 20.2, there is only one analytic function 
generated by a given element. This element is said to be the germ 
of the analytic function. Equivalent elements generate the same 
analytic function. The range of values that an analytic function F ( z ) 
admits of at a point z coincides with the range of values which all 
of the function’s elements admit of. 

Other properties of analytic functions will be considered in Sec. 24. 
This will allow us to study many examples of analytic function 
meanwhile. 

20.4 Analytic continuation of power series Up till now we said 
nothing of how actually to proceed with an analytic continuation 
along a curve. Here is the algorithm of analytic continuation based 
on the principle of re-expansion of power series. Consider the series 

/o ( 2 ) = fj c n (2 — a) n . (20.1) 

71=0 

which has a finite convergence radius R 0 >0. The function f 0 (z) 
is regular in the circle K 0 : | z — a | < i? 0 , so that f 0 (z) is an el- 
ement at point a. We take a point b belonging to K 0 and expand f 0 (z) 
in a power series in 2 — b . We have 

(2-a) n = [(z-6) + (6-a)] n = 2 C h n (b-a) n ~ h (z-b) k . 

k=Q 

Substituting it into (20.1) and collecting terms with the same powers 
of z — b yields 

/i(2)= 2 d n (z-b)\ 
n=0 


( 20 . 2 ) 
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Suppose i?! is the radius of convergence of (20.2) and K x is the circle 
| z — b | < R x . Then R 0 — | b — a |, since R x is no less 

than the distance between point b and the boundary of K 0 (see 
Sec. 12). If R x = R 0 — | b — a |, the circle K x lies inside K 0 and 
analytic continuation is impossible. Let R ± >/? 0 — | b — a |. 
Then K x cannot lie entirely in K 0 (Fig. 56). By the uniqueness the- 
orem, 

fi (z) = / 0 (z), z 6 K 0 fl Ki. (20.3) 

Hence, the series (20.2) is the direct analytic continuation of (20.1) 
(from circle K 0 into circle K x ). 

Suppose there is a sequence of elements (power series) / 0 (z), 
f 1 (z), . . . , f n (z) such that the element fj(z) is the direct analytic con- 
tinuation of /j_i(z), 1^/^ n. Let K 0 , K ly 
. . ., K n be the circles of the series for / 0 (z), 
f x (z), . . ., f n (z) centered at points z 0 , z x , . . . 

. . ., z n . Then the element f n (z) is the ana- 
lytic continuation of the element / 0 (z) along 
the sequence of circles K 0 , K x , . . ., 

K n . 

Analytic continuation by re-expansion of Fig. 56 

a power series is not very effective. Other 

methods are available for continuing analytic functions. The main 
method uses the concept of integral representation of a function. 

20.5 Some properties of an analytic continuation along a curve 
The results of this section will be used in Sec. 24. 

Suppose element / 0 (z) is analytically continued along a curve 
y: z = a ( t ), 0^ 1, and let f t (z) be the respective element at 

point z t — o ( t ) of curve y. We assume that f t (z) can be represented 
by the power series 

oc 

/( (*)= Tl C n {t)(z — z t ) n . 

71=0 

Lemma 1 The radius of convergence r ( t ) of the series for f t (r) is 
either infinite for all t's or is a continuous function of t. 

Proof . Suppose r (£ 0 ) < oo for a certain £ 0 . We select t ± in such 
a way that z t lies within the circle of convergence of the element 
ft 0 (z) and | z tn — z tl \ < r (t 0 )/ 2. Then the radius of convergence of 
f u (z) is no less than the distance from point z tl to the boundary 
of the circle of convergence of f tl (z) (see Sec. 12), so that r (^)> 
^ r (t 0 ) — | z t — z u \. Point z u lies within the circle of convergence 
of f tl (z), which implies r (tj^z r (f x ) -- | z ia — z tl |. Thus, 

I r (t 0 ) — r (t x ) |< | Zf 0 z tx \ = | a (t 0 ) — a (^) |, 

and r (t) is a continuous function of t. 

Lemma 2 Analytic continuation of an element along a curve can 
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be replaced by analytic continuation along a finite sequence of circles . 

Proof. Since the radius of convergence r ( t ) is a continuous, positive 
function of t at 0^ 1, we can write r (t)^ 8 >> 0 at t £ [0, 1]. 

We select a sequence of values 0 = t 0 <Z t x < . . . < t n = 1 such 
that | o (tj+ ,) — a (tj) | <6 for / = 0, 1, . . n — 1. Then the 
circles Kp \z — z t . | < r (tj), 7 = 0, 1, . . ., n, comprise a finite 
sequence, and the elements f u ( 2 ), f u ( 2 ), . . ., f tn ( 2 ) form an ana- 
lytic continuation along this sequence. 

Lemma 3 If an element can be continued analytically along a curve , 
it can also be continued along any other curve that is sufficiently 
close to the initial curve and whose initial and terminal points co- 
incide with those of the initial curve. Moreover , the elements at the ter- 
minal point coincide. 

How are we to interpret the fact that two curves are sufficiently 
close? Take two curves yp z = Oj (t), 0 ^ t ^ 1, with j = 1, 2. 
The quantity max J ( t ) — a, ( t ) | is called the distance between 

the curves. The curves are said to be close if the distance defined above 
is small. 

Proof. We continue the element f 0 ( 2 ) at the initial point z 0 = 
a ( 0 ) of the curve y: z = g (t), 0 ^ t ^ 1, analytically along y. 
We take a sequence of values 0 = t Q < t 1 < ... < t n = 1 such 
that | g (tj) — a (tj . J | < o/4 for tj_ x ^ t ^ tj, j - 1,2, . . ., n y 
where the positive quantity 6 is the same as in Lemma 2. Then, by 
Lemma 2, / 0 ( 2 ) can he continued analytically along the sequence of 
circles K 0 , K x , . . ., K n ; the center of Kj lies at point z t . and the 

radius is 6. Take the curve y: z = g (t), 0 ^ t ^ 1, for which 

a (0) = o (0) and o (1) = o (1) and such that the distance between 
the two curves is less than 6/4. 

We wish to show that the element f 0 ( 2 ) can be continued analyti- 
cally along y. By construction, the arcs yj and yj of y and y that con- 
nect points g (tj) and g (tj +1 ), and o (tj) and o (^ J+1 ), respectively, 
lie inside Kj. Suppose point z t of y lies on arc y 7 -, and let f t (z) be 
equal to f tj (z). Point z t lies inside the circle of convergence Kj of 
f tj ( 2 ), so that ft ( 2 ) is the element at point z t . Note that 

7i (z) = h (z)- 

Thus, at each point z t of y we have fixed an element f t ( 2 ) and, 
thereby, a function cp ( 2 ) is defined on curve y via the formula cp (z t ) = 

u (* j ). 

Let us show that cp is continuous on y. If this is so, then the el- 
ement f 0 ( 2 ) is analytically continuable along y. By construction, q> 
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is continuous on the arcs yj everywhere except at their end points, 
so that we must only check whether (p is continuous at the points 

z* , 1 ^ j ^ n. Each point z tj belongs to Kj f) Kj+ 1 » an d i n this 
domain f t (z) = fi j+1 (z), since the element / 0 (z) is continued ana- 
lytically along the sequence of circles K 0 , ^ lt ...» Hence, 
ft (z tj ) ==f tj+l (% t j ) , which proves that <p is continuous at z tj . The 
proof of the lemma is complete. 

21 The Function In z 

21.1 Analytic continuation of the function In j: In courses of 

mathematical analysis the function In x is studied only for real, 
positive values of x. It is natural to define the function In z for 
complex valued z’s as the analytic continuation of In x. The func- 
tion In x can be expanded in the following Taylor series: 

oo 

In x = In [1 + (x — 1)] = ^ ( ~r (s- 1 )"’ 

n= 1 

which converges in the interval 0 < x < 2. Let us take this series 
for complex valued z’s, i.e. we consider the function 

/»(*)= 2 ( 21 . 1 ) 

n= 1 

The series converges in the circle K 0 : \ z — 1 | < 1, so that / 0 (z) 
is regular in this circle and / 0 (a:) = In x for 0 <j< 2. Hence, 
/ o (z) is the (unique) analytic continuation of In x from the interval 
0 < x < 2 into the circle K 0 . 

By In z we will denote the analytic function that is generated by 
the element / 0 (z) at point z = 1. 

Our task is to establish the curves along which the element / 0 (z) 
is analytically continuable and to obtain practical formulas for 
In z. We could use the method of re-expansion of power series 
(Sec. 20) to carry out the analytic continuation of / 0 (z), but this 
would be a very tedious task. It is more convenient to employ the 
integral representation 

oc 

ln.r=^-y-, 0<z<oo. 

l 

We would like to know whether the initial element / 0 (z) has a simi- 
lar integral representation. 

Lemma 1 The following formula holds in the circle K 0 : \ z — 1 | < 
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< 1: 

Z 

/oOO=J-f-, (21.1') 

1 

where the integral is taken along any curve lying inside K Q . 

Proof . The function f 0 ( z ), given by (21.1), is regular in K 0 . The 

integral on the right-hand side of 
(21.T)is, by Theorem 5 of Sec. 9, also 
regular in K 0 because the integrand 
is regular in K 0 . For 0 <Oz < 2 this 
integral is equal to In x, i.e. coin- 
cides with the series in (21.1). By the 
uniqueness theorem, the integral co- 
incides with the series forz £ K 0 , i.e. 
formula (21. T) is valid. 

Lemma 2 The element f 0 ( z ) is 
analytically continuable along any 
curve y that starts at point z = 1 and 
does not pass through z = 0. 

Fig. 57 Proof. Assuming that 

i 

where the integral is taken along an arc of y, we obtain the function 
w (z) on y. Take a circle K centered at point z 0 6 y and not con- 
taining point z = 0 and assume that at z £ K 

/(2)= 1 T-> (21.2) 

l Z 0 Zq 

where the last integral is taken along any curve lying in K (Fig. 57). 
By Theorem 5 of Sec. 9, the last integral represents a function of z 
that is regular in K> since the integrand is regular in K . Hence, the 
function / (z) is an element at point z 0 on y. By construction, an el- 
ement at the initial point z = 1 coincides with the initial element 
/ o (z). To complete the proof, we must see, in accordance with Def- 
inition 1 in Sec. 20, whether the values of w (z) and / (z) coincide on 
an arc y 0 of y containing point z 0 . We can assume that this arc lies 
in K. Then at z 6 Yo we have 

z z 

u ’ (z)= Jx = u,(Zo)+ 5t'’ (21 - 3) 

1 20 

where the path of integration is a part of the arc y 0 . Since we can 
take the path of integration in (2) the same as in (3), we find that 
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/ (z) = w (z), z 6 Yo> which is what we set out to prove. 

Suppose D is a domain in the extended complex plane, and / ( z ) is 
an element at point z 0 £D. Let us assume that f (z) is analytically 
continuable along all curves that'lie in D. As a result of such contin- 
uation we arrive at a set of elements, which we call a function ana- 
lytic in D. 

This definition and Lemma 2 lead to 

Theorem 1 The function In z is analytic in the domain 0 < [ z | < 
oo. 

21.2 The basic properties of In z From the proof of Lemma 2 
it follows that the value of In z at any point 2 =7^ 0 or oo is given by 
the formula 

z 

(21.4) 

1 

where the integral is taken along a curve y that does not pass through 
0 or 00. Let us evaluate this integral. We have £ = re x ®, with r = 
|^|, so that 

dt > = e i( Q drA-ire™ ckp, = -^- + idq, 

Q r 

and the integral in (21.4) is 

j -y- -f i j dq> = In \z | + £A V arg z, 
v v 

where A v arg z is the variation of the argument along y (see Sec .6)* 
Hence, 

In z = In | z | -|- iA y arg z. (21.5) 

This is the main formula for In z. 

Remark 1. The value of In z depends not only on point z but also 
on the curve y along which the integral in (21.4) is taken. Strictly 
speaking, this value should have been written as (In z) v or (y) In z. 
But such notation is not common and we will use it only infrequent- 
ly. Instead we will always specify along what path the initial el- 
ement is continued analytically. 

We go back to formula (21.4). It yields 

1“‘ = T* < 21 ’ 6 > 

Example 1. Let us evaluate In z at point z x by carrying out the 
analytic continuation of the initial element f 0 (z) along a curve y: 

(a) y is the segment [1, i ] and z x = i; 

(b) y is the semicircle y + : z = e il , 0 ^ t ^ ji, and z x = — 1; 

(c) y is the semicircle y_: z — e~ i% , 0 ^ t ^ ji, and z x = — 1. 



150 Multiple-Valued Analytic Functions 


In the case (a) we have A v arg z = jt/2, so that In i = ij c/2. In the 
case (b) we have A v arg z = +jt, so that In (—1) = m, while in the 
case (c) A v arg z = — jc, so that In (—1) = — in. □ 

The following properties of In z follow from formula (21.5): 

(1) All the values of In z at point z are given by the formula 

In z = In | z | i arg z. (21.7) 

Here arg z is a multiple-valued function, namely, arg z = 
(arg z) 0 -f- 2 fcru, where (arg z) 0 is a fixed value of the argument, 
and k is an integer. We can also write this formula as 

In (re"v) = In r -j- icp -j- 2kn i, k = 0, ±1, ±2, . . ., (21.8) 

where In r is real. 

Hence, In z is an infinite-valued function, i.e. at each point z =£ 0, 
oo it has an infinitude of values. The real part of this function is 
single-valued: 

Re In z = In | z | 

for any z 0, oo and for any value of In z. 

Formula (21.7) implies that 

e lnz = z, (21.9) 

so that In z is the inverse of e z . 

By virtue of (21.7), and two values of In z at a point z 0 differ by 
2fcru, with k an integer. This leads to the next important property 
of In z. 

(2) If fi (z) and / 2 (z) are the elements of In z at a point z 0 , then 
/* (z) — f 2 (z) = 2kni in a neighborhood of this point, with k an 
integer. 

This implies that any element of the logarithm at any point z 0 =^= 
0, oo is fixed entirely by its value at this point. This statement is 
generally not true for an arbitrary analytic function. 

(3) Suppose / (z) is an element of In z such that / (z 0 ) = In z 0 . Then 

oo 

/ (z) = In z 0 + ^ (z-z 0 )\ (21.10) 

71=1 

The series is convergent in the circle | z — z 0 | < | z 0 |. 

Note that the Taylor expansion coefficients in (21.10) have the 
same form as in the case where z and z 0 are real. 

We will now prove the validity of (21.10). The Taylor formula 
yields 

/(*)= o) n . 

71=0 
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From (21. C) it follows that /' (z) = i/z in a neighborhood of point 
z 0 , so that /< ft) (z 0 ) = (— l) ?l (n — 1 )!/zJ for n ^ 1, which means we 
have proved that (21.10) is valid. 

We will now generalize formula (21.5) for the case where the in- 
itial value of In z is fixed at a point that is not point z = 1. 

(4) Suppose we have fixed the value of In z at point z 0 , i.e. we know 
In Zqj and have a curve y that connects points z 0 and z. Let In z be 
the value of the logarithm at point z obtained as a result of analytic 
continuation along curve y. Then 


In z = In z 0 + In 


z 

Zo 


+ i A,, arg z. 


( 21 . 11 ) 


We can write this formula in another form: 

In z = In | z | -)- i [Im (In z 0 ) 4- A v arg z]. 
The proof follows from the fact that 

In z = In z 0 + \ . 


( 21 . 12 ) 


Example 2. Let In i = i5ni2 and suppose y is the segment L\ 2]. 
We continue analytically the element of the logarithm, equal to 
i5jt/2 at point i, along the curve y. Then formula (21.12) yields 

in z | z =2 = In 2+i [4“ + Ay arg zj 

^ln2 + -^---^-^\n2 + 2ni. □ 

21.3 The branch points of In z Multple-valued analytic func- 
tions may have singular points that differ from those discussed in 
Chap. III. These singularities are called branch points. 

Definition 1. Suppose a function F (z) is analytic in a punctured 
neighborhood of a point a and is multiple-valued in the neighbor- 
hood. Then point a is said to be a branch point of F (z). 

Example 3. The points 0 and oo are the branch points of In z. □ 

Here is another definition of a branch point. Suppose F (z) is ana- 
lytic in the annulus 0 < \ z — a | < r. We take a point z 0 of this 
annulus and the element f 0 (z) at this point and continue the el- 
ement analytically along the circle | z — a | = | z 0 — a | with the 
initial and terminal points at z 0 . (This process can be formulated 
briefly in the following way: “Traverse the circle about point a in 
either the positive or negative direction, depending on the orienta- 
tion of the circle”.) If the element f x (z), obtained as a result of ana- 
lytic continuation, does not coincide with the initial element / 0 (z) 
after a full circuit, then point a is a branch point of F (z). 

Let us take a point z 0 =^= 0, oo and the element / 0 (z) of In z and 
circuit point z = 0 in the positive sense. If f x (z) is the element ob- 
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tained as a result of analytic continuation, then by (21.11) we have 

h ( 2 ) = fo ( 2 ) + 2m. 

Thus, we have arrived at the next property. 

(5) When point z = 0 is circuited in the positive direction, 

In z -> In z -f- 2 ji £, (21.13) 

i.e. the element of In z increases by -\-2ni. When point z = 0 is 
circuited in the negative direction, 

lnz->lnz — 2 ju. (21.13') 

Remark 2. Property 5 is characteristic of the logarithm. Indeed, 
suppose F (z) is analytic in the annulus K : 0 < | z | < r and pos- 
sesses the following property: when point z = 0 is circuited in the 
positive direction, 

F (z) — F (z) -f- c y c =^= 0 

(i.e. each of its elements receives an increment of c = const). Then 

F(z) = _ 2^r ln2+G(z) ’ 

with G (z) regular in K. 

To prove the above statement, we consider the function G (z) = 
F (z) — In z. This function is analytic and single-valued in 

K since G (z) -*• G (z) when point z = 0 is circuited. 

The function In z, just as any multiple-valued analytic function, 
is “composed” or “sewn together” from single-valued analytic func- 
tion, its elements. Each element of In z is said to be a regular 
branch of In z. Similarly, each element of a multiple-valued analytic 
function is said to be a (regular) branch of the function. The elements 
can be chosen in different ways, depending on the “composition” of 
the (multiple-valued) analytic function. 

Formula (21.11) and the properties of arg z (see Sec. 6) bring us to 
the following property of the logarithm: 

(6) Suppose two curves, y t and y 2 , lie in the domain 0 < | z | <C 
oo, connect points a and b , and are homotopic in this domain. 
Suppose that / (z) is an arbitrary element of In z at point a . Then as 
a result of analytic continuation of this element along y x and along 
y 2 we arrive at the same element at point b. 

Indeed, the variations of the arguments along and y 2 are equal: 
A Vi argz= A v ^argz, so that, according to (21.11), the analytic 
continuation along y x , and y 2 leads to the same value of the log- 
arithm at point b. 

Let D be an arbitrary simple connected domain not containing 
points 0 and oo. We fix a point z Q £D and the value In z 0 at this 
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point. Next we continue analytically the element / (z) of In z (/ (z 0 ) = 
In z 0 ) along all the paths that start at point z 0 and lie in D. We 
have thus constructed a function / (z) that is analytic and single- 
valued in D. This follows from Property 6 and from the fact that 
any two curves that lie in a simple connected domain and have a 



Fig. 58 


Fig. 59 


common end and a common beginning are homotopic. The resulting 
single-valued analytic function is called a regular branch of the 
logarithm in domain D . If we select another value of the logarithm 
at point z 0 , we have another regular branch of In z in this domain. 

Let us take the complex z plane with a cut along the ray (— oo, 01 
as D (Fig. 58). The function In z in this domain separates into an 
infinite number of branches. They are expressed by the formula 

f k (z) = In | z | -f- i (arg z) 0 + 2/wti, k = 0, ±1, ±2, . . . (21.14) 
Here (arg z) 0 is the branch on which 

— ji< (arg z) 0 < Jt. 

Instead of studying an infinite number of regular functions 
(branches) in one domain/) we can take an infinite number of identical 
copies of this domain. We denote these domains by D h , k = 
0, ±1, . . ., and assume that the regular function (branch) 
fu (z) is given in D k . 

The next step is to “paste” the D k (the sheets , as they are commonly 
known) into one surface. Let l k be the cut along ( — oo, 0] on sheet 
D k and l 'J and l~ h the upper and lower banks of this cut. If z — x <C 
0, then 

fk (x) = In | x | + (2k + 1) jtL x 6 lb 
f k (x) = In | x | + (2k — 1) ni , x 6 lb 

since (arg x) 0 ) = x 6 it- Hence, 

I* (*) i it = fk + 1 (*) i 

We will paste the lower bank Z ft+l with the upper bank /£, k = 0, 
hi, ±2, .... Then the function In z will be single-valued on a 
surface of infinitely many sheets. 
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The surface we have just constructed is depicted in Fig. 59 and 
is called the Riemann surface for In z. It resembles an infinitely high 
winding staircase. Note that the Riemann surface for In z is simply 
connected. 

Remark 3. The logarithm can be “cut” into regular branches in 
various ways. Precisely, for D we may take the complex z plane cut 
along any simple curve y connecting points 0 and oo. The choice of 
the cut is determined by the problem that must be solved. For in- 

oo 

stance, when evaluating integrals of the type ^ R (x) In x dx it is 

o 

convenient to cut the plane along the ray [0, + oo) (Sec. 29). 

Since the reader already knows the conformal mappings of several 
domains performed by e~ , we can easily obtain some conformal map- 
pings performed by In z. The function e~ maps conformally and in a 
one-to-one maimer the strip II: 0 < Im z < a of width a ^ 2n onto 
the sector S : 0 < arg w < a. Hence, the inverse function z = In w 
maps conformally and in a one-to-one manner the sector S: 0 < 
arg w < a onto the strip II: 0<lmz<« (Fig. 60). But here 

we must be careful since the inverse function is not single-valued. 
The sector 5 is a simply connected domain not containing points 0 
and oo, which means that in this domain the function z = In w 
splits into (single-valued) branches. The mapping S — >■ II is per- 
formed by one branch, z 0 (w). This branch can be specified in two 
ways: either 0 < Im z 0 (w) < 2ji in S or z 0 (i) = 0 (in the latter 
case the value of the branch on the boundary is specified). 

The function w — In z (precisely, its branch / 0 ( z ) given by (21.14)) 
maps the complex z plane with a cut along the semiaxis ( — oo, 0) 
conformally and in a one-to-one manner onto the strip — n < 
Im w <C Jt. 

Other branches of the logarithm map the sector S onto other 
strips. Precisely, if f h (z) is the branch of the logarithm in S fixed by 
(21.14), the function w = f h (z) maps sector S into strip IT^ con- 
formally and in a one-to-one manner (see Fig. 49): 

2kn < Im w < 2kn -f- a. 

In courses of mathematical analysis there exists the following 
functional relationship for In x: In (x 1 x 2 ) = In x 1 -f- In x 2 . Since 
In z is not a single-valued function, we must interpret the similar 
relationship 

In (ZiZ 2 ) = In z 1 + In z 2 (z 1? z 2 ¥= 0) (21.15) 

somewhat differently. Precisely, if w 1 = In z 1 is any value of In z 
at point z x and w 2 = In z 2 is also any value of In z at point z 2 , their 
sum w 1 -f- w 2 is one of the values of In (z 1 z 2 ). This follows from the 



The Power Function 


155 


identity 


e w^+K 2 gin zigln z 2 = z i Z 9 . 


Moreover, if w 0 = In (z 1 z 2 ) is one of the values of In z at point 



z x z 2 , then there are values w 3 = In z i9 j = 1, 2, such that w 0 = 
w i + w 2 > be. formula (21.15) is valid. To prove this, we fix the 
values w 0 — In (z L z 2 ) and w t = In z x . Then 

e w »- w i = e w o e ~ w i = z { z 2 z~ l = z 2 , 

i.e. w 2 — w 1 coincides with one of the values of In z 2 . 

Formula (21.15) is obviously invalid if we substitute arbitrary 
values of In z at points z l9 z 2 , and z 1 z 2 . For instance, z t = z 2 = 1, 
In (2 iZ 2 ) = 0, In Zj = 0, and In z 2 = 2iti. 


22 The Power Function. Branch Points 
of Analytic Functions 

22,1 Operations on analytic functions In Sec. 21 we introduced 
the elementary multiple-valued analytic function In z. All the other 
elementary analytic functions can be expressed in terms of the log- 
arithm through the arithmetic functions, substitutions of a function 
into another function, and the operation of inversion. Let us define 
these operations for analytic functions. 

The various operations on analytic functions are introduced via 
the operations on their initial elements. Suppose we have two el- 
ements, / (z) and g (z), fixed at the same point z 0 , and let F (z) and 
G (z) be the two analytic functions generated by these elements. Then 
the functions 


f(z)±g(z), f(z)g(z). 


fjz) 

g(z) 
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are also elements at point z 0 (for the quotient, g (z 0 ) must not be ze- 
ro). These elements generate the analytic functions denoted by 

F(z)±G(z), F (z) G (z), 

respectively. But if the elements / (z) and g (z) are fixed at different 
points, their sum, difference, product, and quotient are not defined,, 
so that these operations on the analytic function F (z) and G (z} 
are not defined either. 

By F' (z) we denote the analytic function generated by the element 
/' (z) at point z 0 . 

By definition, the result of these operations on analytic functions 
is an analytic function, too. Let us now consider the important case* 
where the function F (z) and G (z) are analytic in the same domain. 

Theorem 1 Suppose F (z) and G (z) are analytic in a domain D. 
Then the functions 

F'(z ). G'(z), F(z)±G(z), F(z)G(z), £§* 

are analytic in D , too ( in the case of the quotient , G (z) =£ 0 at z £ D). 

Proof. Let us prove the analyticity of F (z) -f- G (z). (The analyt- 
icity of the other functions can be proved in a similar manner.) Let 
/ (z) and g (z) be the initial elements of these functions fixed at point 
z 0 , while the curve y lies in D and has its initial point at z 0 . If we 
continue analytically the elements / (z) and g (z) along y, we obtain 
the elements /g (z) and g g (z) at each point £ of y. Their sum feg (z) = 
/g (z) -f- gg (z) is regular at point £; hence, the element h (z) = 
/ (z) -j- g (z) at point z 0 is continued analytically along curve y. 

This theorem makes it possible to broaden somewhat the supply 
of elementary analytic functions. For instance, the following func- 
tions are analytic (the domains of analyticity are specified in the 
parentheses): 

In 2 z (0 < | z | C oo), z In (0 < | 2 | < oo), 
z-flnz (0<|z|<oo), (z =t= 0, e, oo). 

Example 1. Consider the function F (z) = z In z (the initial el- 
ement of the logarithm is fixed at point z = 1, In 1 = 0). We will 
try to establish the singular points of this function. Specifically, we 
will prove that z = 0 is a branch point of F (z). Suppose y is the 
circle | z | — 1 starting at point z = 1 and oriented in the positive 
sense. As we circuit point z along y (i.e. as we continue analytically 
the initial element / (z) along y), In z In z + 2ju, so that / (z) — ►> 
/ (z) 4- 2niz. Hence, point z — 0 is a branch point. As point z = 0 
is circuited n times, / (z) — ► / (z) -j- 2nniz. Point z = oo is also a 
branch point of F (z), since if we circuit point z = 0 in the positive 
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direction, we at the same time circuit point z = oo in the negative 
direction. □ 

Let us now define the composite function. Suppose the analytic 
functions F ( z ) and G (z) are generated by the elements / (z) and 
g (z) fixed at points z 0 and w 0 = / (z 0 ), respectively. The composite 
analytic function G ( F (z)) is then generated by the element g (/ (z)). 
Theorem 2 Suppose F (z) is analytic in a domain D , its values lie 

in a domain D , and G (z) is analytic in D. Then G (F (z)) is analytic 
in D . 

Proof. We select a curve y with the initial point at a point z 0 £ D. 
We continue analytically the element / (z) along y. Then at each 
point £ of y we have the element / c (z) and the function w (z) on y, 

i.e. w (z) = f z (z). This function maps y onto a curve y lying in D , 
with the initial point at point w 0 = f (z 0 ). By hypothesis, the in- 
itial element g (w) of G (w) can be continued analytically along y. 

This yields an element g w (w) at each point w of y. If w belongs to y 
and w = (£), the function g w (/ s (z)) = h ; (z) is regular at point 

£ 6 7 and, hence, is an element at this point. This proves that we 
have continued analytically the element g (/ (z)) along y, so that 
G ( F (z)) is a function that is analytic in D. 

Example 2. The function In (z — a) is analytic in the domain 
0<|z — a|<oo. □ 

2 | 

Example 3. The function In is analytic in the ext ended com- 
plex z plane with points +1 and —1 deleted. 

Indeed, the function w = in the specified domain D is reg- 
ular and does not assume the values 0 and oo. The function In w is 

analytic in the domain D: 0 <C | w | oo. □ 

Here we will mention the following identities: e Xn ( z ~ a) = z — a 
and Re In (z — a) = In \ z — a |, which hold for z 0, oo. 

Remark 1. Strictly speaking, the formula F (z) = In (z — a) does 
not define an analytic function completely, since, by the very defini- 
tion of an analytic function, we must fix its initial element. This is 
due to the fact that the formula may specify not one but several ana- 
lytic functions if the initial element is not specified. 

Example 4 . The formula F (z) = In e z defines an infinitude of ana- 
lytic functions: 

F h (z) = z + 2kni t k = 0, ±1, ±2, . . .. □ 

Other examples of this type are given in Sec. 22.5. 

22.2 The power function For real and positive x's and for a 
fixed real number a the following formula is valid: x a = e alnX . 
Let us generalize this formula so that it incorporates complex 
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valued z's and a (a is fixed) by putting, by definition, 

= e a\ni' (22 A) 

We take the element g 0 (z) = e a/ o( z > at point z = 1, where f 0 (z) 
is the initial element of In z at point z = 1 (see formula (21.1)), as 
the initial element of the function z a . Then 

(;)- -*“-*> , (22.2) 

fc =0 

Indeed, 

From this relationship and the Taylor formula 

h = 0 

follows formula (22.2). 

The properties of the logarithm yield the following property of 
the power function. 

Theorem 3 The function z a is analytic in 0 < | z | < oo. 

Proof. The function In z is analytic in D: 0 < | z | < oo, which 
means that the function a In z possesses the same property. Since e z 
is an entire function, we conclude, from Theorem 2, that the 
function z a = e alnz is analytic in D since it is a composite of two ana- 
lytic functions. 

The derivative of the power function is calculated by the same 
formulas as in the case of real numbers: 

-^-z“ = az a ~ 1 . (22.3) 

Remark 2 . The above formula must be understood in the sense 
that 


•£-*“ = -T-. ( 22 - 3 '> 

where the values of z a on both sides are the same. 

All formulas for z a follow from the formulas for the logarithm and 
(22.1). The basic formula for the power function follows from (22.1) 
and (21.12). 

(1) Suppose curve y connects points z 0 and z x and does not pass 
through the points 0 and oo. Then at z 0 we have fixed the element 
/ (z) of z a in such a way that / (z 0 ) = zj*. If we continue analytically 
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this element along y, its value at point z ± will be 


zf = zf exp j^a In y- iaA y arg z~^ 


(22.4) 


This formula is rather tedious and will almost never be used in 
our narrative. It simplifies if we are dealing with real a's. At the 
same time this case is the most important for applications. 

(2) Any element of z a at each point z 0 =^= 0, 00 is completely fixed 
by its value at the point. Any two elements, f i (z) and f 2 ( z ), at each 
point z 0 =7^= 0, 00 differ only by a numerical factor: 

U(z) — e^h(z) t (22.5) 


where k is an integer. 

This property follows from (22.1) and Property 2 of the logarithm 
(see Sec. 21). 

(3) All the values of z a (a is real) at point z = re are given by 
the formula 

z a = ( re i<V) a = k = 0, ±1, ±2, ... . (22.6) 

In particular, for real a’s the function | z a | is single-valued: 

\z a \ = I 2 I*. (22.7) 


Formulas (22.4) and (21.11) yield the following basic formula for 
z a (a is real): 

(4) Suppose at point z 0 = r 0 e 1( P° the value of z a is z% = rfe ia ^>\ 
Let zf be the value of z a at point z x obtained as the result of analytic 
continuation along a curve y that connects points z 0 and z x . Then 

Zf = \z x lag^Vo+Avarg*). (22.8) 

In particular, under such continuation, 

A y arg z a = aA v arg z . (22.9) 


Here are some examples. 

Example 5. All values of the function | f z — z 1 / 71 , with n a positive 
integer not less than 2, are given at point z = re l Q, r 0, by the 
formula 



(<p + 2fcJi) 


k = 0, 1, ..., n—l. ( 22 . 10 ) 


Indeed, the values of Yz at k = 0, 1, . . ., n — 1 are all different, 
since the numbers e ?<Pfe , (p ft = (<p + Zkn)in for these values of k are 
different. Moreover, any integer k can be represented as k = nm Z, 
where m and l are integers and 0^ l ^ n — 1 . Since e l ^h= e i2nm e l ^i = 
e i(p i , we see that (22.10) gives all the values of yf z. 

Thus, the function in 0 < | z |<oois rc-valued, i.e. at each 
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point of this domain it has exactly n different values. 

Formula (22.10) yields the following identity: 

( n /l) n = z. (22.11) 

Hence, the function Y z is the (right) inverse of z n . n 

Example 6. All values of the function Y z at a point z = re** are 
given by the formula Y z = Y rei(p = ±Y r ^ 2 - Hence, the func- 
tion Y z is double-valued in 0 < | z | < oo. □ 

Example 7. If a is real and irrational, the function z is infinite- 
valued in 0 <C | z | < oo. 

Indeed, all values of z a at point z = re i(p are given by (22.6). Let 
us see whether different values of z a correspond to different values of 
k. Suppose that this is not so. Then there are numbers k ± and k 2 
that are not equal and yet e l,i * 2jlCL = e ih ' 2na . This means that 
(A’i — k 2 ) a = m, m 0, is an integer, i.e. a is rational, which 
contradicts the hypothesis. □ 

Remark 3. If a is not real, the function z a is infinite-valued in 
0 < I 2 | < oo. 

Example 8. Suppose that at point z — 1 we have fixed the element 
/ (x) of Y z in such a way that / (1) = 1, and y is the segment [1, i]. 
We wish to calculate Y l obtained as a result of analytic continuation 
along y. 

We have Y l = 1 and A v arg z = jt/2. The formula (22.8) yields 

YT = e™/\ 

Now suppose y is the arc z = e~ H , 0 ^ t ^ 3ji/ 2. Then A v arg z = 
— 3ji/ 2, so that Y i = e~ l3:l/ 4 = — □ 

Here is another formula for z a : 

(5) Suppose f ( z ) is the element of z a at a point z 0 =^= 0 such that 
/ (z 0 ) = z®. This element can be expanded in a Taylor series: 

= (22.12) 
h=0 Z ° 

which converges in the circle | z — z 0 | < | z 0 | (i.e. the circle’s 
center is at z 0 and the circle’s radius is equal to the distance from 
point 2 0 to point 2 = 0). 

Indeed, according to the Taylor formula, 

/w = S 

k=0 

Moreover, from (22.3') it follows that /' (z) = a z a !z, so that (z) = 
A*! (^) z a z~ h . Substituting the expressions for the various deriva- 
tives into the Taylor formula, we arrive at (22.12). 
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Note that (22.12) has the same form as the Taylor formula from 
mathematical analysis for a power function (for z 0 , z , and a real). 

When a is real and x x and x 2 are real and positive* 

(*1*2)® = *?*?• 

However, a similar relationship 

(*l * 2 ) a = ^ (22.13) 

for z x and z 2 nonzero and complex-valued must be interpreted diffe- 
rently because of the multiple-valuedness of z a . We must interpret 
(22.13) in the same sense as we did (21.15) for the logarithm. Pre- 
cisely, if and w 2 are values of z a at points z 1 and z 2 , then w 1 w 2 is 
one of the values of z a at point z x z 2 . Moreover, if w 0 is a value of z a 
at point z x z 2J then there are values w 1 = zf and w 2 = zf such that 
iv Q = w ± w 2 . The proof follows directly from (22.6). 

22.3 The branch points of the power function The definition of 
the power function and Property 5 of the logarithm (Sec. 21) yields 
the following property of the power function: 

(6) Suppose / (z) is the element of z a at a point z 0 =^= 0, 00 . Then, 
when the point z = 0 is circuited in the positive sense, the element 
is multiplied by e i2jla , i.e. 

f{z)-+e i2n *f(z), (22.14) 

while when the point z = 0 is circuited in the negative direction, 
the element is multiplied by e~ i2na , i.e. 

f {z) e-n**f (z). (22.14') 

In Sec. 21 we introduce the concept of a branch point. Property 6 
implies that the points 0 and 00 are the branch points of z a if a is 
not an integer. Below we introduce the following classification of 
isolated branch points. 

Definition 1. Suppose a function F {z) is analytic in the annulus 
K: 0 < | z — a | < p, and suppose that at each point of this annu- 
lus F (z) has exactly n ^ 2 different elements of F (z). Then we say 
that F (z) at point a has a branch point of degree of ramification n — 1 
or multiplicity n. The branch point at z = 00 can be treated similarly. 

If n is finite, the branch point at z = a is said to be algebraic, 
while if n = 00 , the branch point at z = a is said to be of infinite 
multiplicity or is called a logarithmic branch point . 

Remark 4. We can show (see Sec. 26) that if a function F (z) that 
is analytic in an annulus K has exactly n different elements at a 
point of the annulus, then this is true for all points of the annulus 
(this is also true for the case where n = 00 ). 

Example 9 . Points 0 and 00 are branch points of multiplicity n of 
the function Y z - For instance, for Y z these points are branch points 
of multiplicity 2. 


11 — 01641 
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Indeed, suppose f 0 (z) is an element of at a point z 0 0, oo. 
Then all the elements at this point have the form 

/ft ( 2 ) = e i2nft/n / 0 (z), * = 0, 1, 

i.e. there are exactly n of such elements. □ 

Example 10. The function F (z) =1 lY z is analytic in the annulus 
0 < | z | < 00 ; points 0 and 00 are branch points of multiplicity 2 
for this function. □ 

Remark 5. Here is a typical mistake involving the singularities 
of the function F ( 2 ) = 1 !Y z. It is often stated that point z = 0 is a 
pole of ifY z since lim (l/Y z) = 00 . This, however, is not true 

2 -*■ 0 

since poles are singularities of single-valued functions. 

Example 11. The function F ( 2 ) = j/" ■ has two branch 

points of multiplicity 2: z = ±1. Point z = 00 is not a singular 
point. Indeed, 

F{z) = vm. = 

Function G ( 2 ) is regular at point 2 = 00 since G ( 00 ) = 1^0. By 
Theorem 2, F ( 2 ) is analytic in the extended complex 2 plane with 
points +1 and —1 deleted. □ 

In Sec. 21 we found that in every simply connected domain that 
does not contain points 0 and 00 the function In 2 splits into regular 
branches. Since 2 a = e alnZ , we can say that in every such domain 
the function z a splits into regular branches. Any two such branches 
differ by a factor of e i2nah , where k is an integer (see (22.6)). 

Example 12. Suppose S is the sector 0 < arg 2 < p ^ 2jt. In 
this sector the function z a splits into regular branches. One such 
branch is determined (for a real) by the formula 

/ 0 ( 2 ) = \z\ a e ia ar e z , 0<C arg 2 < 2jt. (22.15) 

The other branches of this function have the form 

/ft( Z ) = ei2naft /o(2) , (22.16) 

where k is an integer. 

For instance, Y z splits into two branches, f 0 (z) = Y |2| argr 
and f i (z)=—f 0 (z), where 0<Carg2<2ji (cf. Sec. 13). 

Now suppose that a >0 and 0 < a$ ^ 2ji. Then the branch 
w = /o ( 2 ) of z a maps the sector S: 0 < arg z < p in a one-to-one 

manner onto the sector S: 0 < arg w < a(5 in the complex w plane 
(Fig. 61), i.e. unfolds the initial sector ( S ) a times. Indeed, from 
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(22.6) it follows that if w = and z = re "f (0 < <p < |J), then 

p = r°, i|5 = acp, 

so that points w fill up sector S (Fig. 61). □ 

Example 13. Suppose D is the complex z plane with a cut 
along the semiaxis [0, -f- oo) (Fig. 47). The function F (z) — Y z 
splits in this domain into two regular branches 

fi (re 1 *) = Y7 e 1 *' 2 , f 2 (z) = — /, (z). 

Here z = re ia > 0 < <p < 2n. The function w = f x ( 2 ) maps D in a 
one-to-one manner and conformally onto the upper half-plane 




1m u? >0, while the function w = / 2 ( z ) maps D onto the lower half- 
plane Im w < 0 (see Fig. 47). 

We take z = x + iO, with x >0 (i.e. point z lies on the upper 
bank of the cut). Then f 1 (x -f- iO) = Y x > 0. But if z = x — iO 
(i.e. point z lies on the lower bank), then /j (x — Z0) — Jfx. □ 

22.4 The Riemann surface for z a If a is such that z a is an 
infinite-valued function, the Riemann surface for z a will be the same 
as for the logarithm. A new type of Riemann surface appears when 
z rx is finite-valued. 

Let us build the Riemann surface of ]/ z . Suppose D is the complex 
z plane with a cut along the ray ( — 00 , 0]. Then the function 
splits in D into two branches, (z) and / 2 (z), such that /j (1) = 1 
and / 2 ( z ) = — (z). We take two copies D 1 and D 2 of D and as- 
sume that the function f k (z) is defined in D k ( k = 1, 2). Then for a 
point z belonging to D k we have 

fuz( rei ')= ± yV e*?/ 2 , — JI<CP<JX. 

Let l k be the cut in the sheet D kl with ZJ and ll the upper and dower 
banks of the cut. Since cp = ±n on /£, we have 

/ i(z)l 26 J+ = / 2 ( z )Uezj> 

fi (z)Ue/ r = / (z) Le/+- 


II* 



164 Multiple-Valued Analytic Functions 


For this reason, to obtain a surface on which Yz is single-valued we 
must paste the upper bank Z * to the lower bank l~ and the lower bank 
l~ to the upper bank l\ (criss-cross). This means we have the Riemann 

surface for Y z (Fig. 62) with a self-intersec* 
tion. 

"N The Riemann surface for Y z can be con- 

structed along the same lines. Take n copies 
—o\\ D 0 , Dii . . ., D n of D , which is the com- 

ol 1 plex z plane with a cut along the ray ( — oo, 

0]. In each domain D k we consider the regu- 
lar function 

f h ( 2 ) = y reM n ){y+2hn) 

(z = re i( », — ji < qp < ji). 

Then f h (z) | z6| + = f h+1 (z) | z6l - . We paste the bank Z$ to the bank 
then l\ to li, and so on, and finally to ZJ. We have arrived 
at the Riemann surface of \/~ z with self-intersections. 

Note that the Riemann surface for y z is simply connected for 
any integral value of n. 

22.5 Examples The definition of a branch point of multiplicity 
n requires that at each point of the annulus 0 < | z — a | < r there 
be exactly n different elements (not values!) of the analytic function 
F (z) considered. Here are some examples that show that this re- 
quirement cannot be replaced by the condition that at each point 
there be exactly n values of F (z). 

Example 14. The function F (z) = Y z sin z has exactly two sin- 
gular points, 0 and 00 , which are branch points of multiplicity 2. 
But at z k = kitj k = ±1, ±2, . . . this function assumes only one 
value: F (z h ) = 0. □ 

Example 15. Consider the function 

F (z) = z z = e z ln z 

All values of this function at z = Un (n a positive integer) are given 
by the formula 

W-M = s7=- ei2ftn/n - *= 0*1 

Hence, at z = 1 In the function z z has exactly n different values. 
Now suppose a is an irrational number. Then F (a) has an infinitude 
of values: 

F(a) = a¥^, fc = 0, ± 1, ± 2, . . . . (22.17) 

Thus, at different points of the domain 0 < | z | < 00 this function 
has different numbers of values. 
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Let us now show that point z = 0 (and, hence, point z = oo) is 
a logarithmic branch point for F (z). We take the element f 0 (z) of 
this function at a point z 0 =^= 0, oo and circuit point z = 0 in the 
positive direction. Since the element of In z will increase by -f2 ni, 
after one circuit the element becomes e 2jl iz f 0 (z). Hence, all the el- 
ements of z z at point z 0 =£ 0, oo are given by the formula 

fh ( * ) = U ( z ) e j2hnz , k = 0, ±1, ±2, . . . □ 

Example 16. Let us calculate i.e. the values of z z at point i. 
Formula (22.17) yields 

i i = e -l +2h:i i k = 0, ± 1, ±2, 

Note that all the values of i { are real. □ 

Here are additional examples of the type of Example 4. 

Example 17. The expression of the type F (z) = Y z 2 determines 
two analytic functions, F x (z) = z and F 2 (z) = —z. □ 

Examples 4 and 17 show that we must be very careful when deal- 
ing with formal expressions for multiple-valued functions. The oper- 
ations on analytic functions were properly introduced at the begin- 
ning of this section. On the other hand, the examples given below 
show that not all expressions involving the root sign or the log- 
arithm are multiple-valued functions. 

Example 18. The function F (z) = cos Y z is analytic in the domain 
0 < | z | < oo, according to Theorem 2. We will show that this 
function is single-valued. We select a point z 0 and any element / (z) 
of Y z at this point and circuit point z = 0. As a result, / (z) ->■ 
— / (z), cos / (z) cos / (z), in view of the fact that the cosine is 
an even function. This implies that cos Y z is a single-valued func- 
tion. Point 2 = 0 is a removable singularity in this case; hence, 
cos Yz is an entire function. The only singularity at z = oo is an 
essential singularity. □ 

Example 19. The function F (z) = (sin Y z )lY z is a ls° an entire 
function. (Here Yz in the numerator and denominator means the 
same analytic function.) Q 

The function z a is indeed a complicated function. 

Example 20. Consider the equation z a = 1, a ^ 0. Solving it, we 
obtain a In z = 2fcru, whence 

z h = eUM £ = 0 , ± 1 , ± 2 , 

Let a be a real number. Then the roots z h lie on the unit circle. It a 
is irrational, these roots everywhere densely fill the unit circle 
| z | = 1. 

Such a situation is impossible for a regular function because if a 
function / (z) is regular in a neighborhood of the unit circle | z | = 
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= 1, then on the circle there can be no more than a finite number of 
solutions of the equation f (z) = 1. The given example can be in- 
terpreted as follows. We cut the complex z plane along, say, the 
semiaxis ( — oo, 0]. The function splits into an infinitely large num- 
ber of regular branches in such a plane. For each branch there is 
only a finite number of points on the unit circle | z | = 1 at which 
the function assumes the value of 1. In other words, the roots of the 
equation z a = 1 lie on different sheets of the Riemann surface. □ 

23 The Primitive of an Analytic Function. Inverse 
Trigonometric Functions 

23.1 The primitive of an analytic function Suppose we have 
an analytic function F (z) generated by the element f 0 (z) at a point 
z 0 =^= oo. Let us take a small circle K centered at z 0 and consider 
the function 


go (Z) = \ /o (0 zeK, (23.1) 

20 

where the integral is taken along a path lying in K. Then g 0 (z) is 
regular in K. 

An analytic function G (z) generated by the element g 0 (z) at a 
point Zq is called a primitive of F (z). We will use the notation 

z 

G (z) - j F (£) d£. (23.2) 

20 

Theorem 1 If a function F (z) is analytic in a domain D y its 
primitive G (z) is also analytic in D. 

The proof of this theorem is exactly the same as that of Lemma 2 
of Sec. 21. Supoose curve y lies in D and starts at point z 0 . We take 
a point £ of y and denote the arc along y connecting points z 0 and £ 
by y £. Now / (z) is the element of F (z) at point £ obtained by con- 
tinuing analytically the initial element / 0 (z) along y We take a small 
circle K centered at point £ and select a point z 6 A. Then 

z 

g(z)= j F(£)d£ + j /rx, 

where the second integral on the right-hand side is taken along a 
curve lying in K. By Theorem 5 of Sec. 9, g (z) is regular in K, i.e. 
is the element at point £, and if £ = z 0 , we have g (z) = g 0 (z). Thus, 
at each point £ of y we have constructed an element, and the consis- 
tency of these elements is verified in the same way as in Lemma 2 
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of Sec. 21. This proves that the element g 0 ( z ) is analytically con- 
tinuable along y, so that the function G ( z ) generated by this element 
is analytic in D. 

It is obvious that 

G' ( 2 ) = F (z). 

Moreover, if G 1 (z) and G 2 ( z ) are two primitives of a single analytic 
function F ( z ), then G x (z) — G 2 (z) = const. 

23.2 The functions arc tan z arccot z, artanh z, and arcoth z 
The function arctan x (x real) allows for the following integral re- 
presentation: 

X 

arctan x = ^ 2 . 

o 

The function (1 -f- z 2 )' 1 is regular in the entire complex plane 
except at the poles z = ±L We assume that 


arctan z— ^ (23.3) 

o 

By Theorem 1, arctan z is analytic in the complex z plane with 
points -\-i and — i deleted. 

Let us express arctan z in terms of the logarithm. We have 


Hence, 


f dl 

._L f 

/ 1 _l 

- 1 ) 

J 1 + C 2 

' 2 J 

l l-tc H 

i+iil 


2 i 


In 


1 iz 
1 — iz * 


arctan z = In - l - —- 
2 1 1 — iz 


(23.4) 


which shows that arctan z is analytic in the extended complex z 
plane with points and — i deleted. The analyticity of arctan z 
at point z — oo follows from the representation 

arctan z — -i- In 1 ' 2 . . 

2 1 z ~ 1 — i 


The two points z = -f -i and z = — i are logarithmic branch points. 
The function arctan z is the inverse of tan z, i.e. 

tan (arctan z) = z 

for all z ± i, oo. 

Remark 1 . If we wish to be precise, we must say that arctan z is 
the right inverse of tan z. Indeed, the multiple-valued expression 
F (z) = arctan (tan z) defines not one but an infinitude of analytic 
functions F h (z) = z -{- kn 9 k = 0, ±1, ±2, .... 
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Let / 0 (z) be the element of arctan z at point z = 0, so that / 0 (0) = 
0. Then 


/»(*)= S 2 bR 22n+1 - ( 23 - 5 ) 

n=0 

The series converges in the circle | z | < 1. 

The formula for the derivative of arctan z, known from mat! - 
ematical analysis for real z's, remains unchanged: 

i arctan 2 = 

The analytic functions arccot z, artanh z, and arcoth z are intro- 
duced in a similar manner. Since all these functions can be ex- 
pressed in terms of the logarithm, calculating their values results in 
calculating values of the logarithm. For this reason they play no 
independent role in the theory of functions of a complex variable. 

23.3 The functions arcsin z, arccos z, arsinh z, and arcosh z For 
real x 6 [ — 1, 1] the function arcsin x allows for the following inte- 
gral representation: 

arcsin x — 

Let us continue this function analytically to complex values of the 
independent variable. To this end we use Theorem 1. The function 
F (2) -- UV is analytic in the complex z plane with points 
+1 and — 1 deleted (these are the branch points of F (z)). By Theo- 
rem 1, the function 


dt 


Yl — t 2 ’ 


arcsin 2 = ^ (23.6) 

o 

is analytic in the complex plane with points ±1 deleted. The inte- 
gral is taken along any path not passing through points ±1. 

We will fix the initial element / 0 (z) of the function arcsin z at 
point z = 0. We can do this either via the series 


oo 

/ 0 (z) = arcsin z = z + 2 

71=1 


(2n — 1!)!! 1 

(2 n) !! 2n+l 


2 2n + 1 , 


or via the integral representation 


f 0 ( 2 ) = arcsin 2 = j 
0 


dt 

Vi-i 2 ’ 


z£D. 
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Here D is the complex plane with cuts along the rays (— 00 , — 1J 
and [1, 00 ), the integral is taken along a path lying in D , and the* 
branch of the square root is the one on which 

/1 3 T l 2 Ie=o=1. 

The function arcsin z can also be expressed in terms of the log- 
arithm. For all z =£ ±1, 00 we have 

sin w = z, w = arcsin z. 

Solving the equation 

- e~ iuj = 2 iz 


for z, we find that 

arcsin z= — iln (iz + Y 1 — z 2 )- (23.7) 


Let us study the special features of arcsin z concerning its mul- 
tiple-valuedness. Let y+ and y_ be simple closed curves with their 
initial points at z = 0; points 
z — 1 and z = — 1 lie inside 
y+ and y_ respectively (Fig. 

63). The curves y_ and y + 
are oriented in the positive 
and negative senses, respec- 
tively. For instance, we can 
take the circles | z - F 1 | = 1 
for y ± (Fig. 63). Finally, sup- 
pose / 0 (z) is the initial ele- 
ment of arcsin z at point z = 0. 

(1) We continue / 0 (z) analytically along curve y+. We select a 
point z lying in a small neighborhood of point z ~ 0. Then the ele- 
ment / (z) obtained as a result of analytic continuation is equal to 
the integral along a path y that connects points 0 and z and con- 
sists of y+ and the segment y z = [0, z], i.e. y = y + y 2 . As the branch 
point z = 1 is circuited, Y 1 — z 2 — >■ — V 1 — z 2 - Hence, 



Fig. 63 


/(*)=-/ 0 (*)+ j 

v+ 


dZ 

YT-[ 2 ' 


The branch of the square root is the one on which \ 1 — £ 2 | £ _ 0 = 
1 (at the initial point of y + ). By Cauchy’s integral theorem, tlio 
integral along y is equal to the integral along the cut [0, 1]. On 
the upper bank of the cut Y 1 — # 2 >0, while on the lower bank 
Yl — x 2 < 0. Hence, 


l i dx 

j Y 1 — £ 2 J /l— x 2 

v+ r o r 
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The final result is that when curve y + is traversed once, 

fo ( z ) t — fo ( z ) T~ ^]. (23.8) 

Reasoning along the same lines, we find that when curve y_ is 
traversed once, 

fo (2) — l-fo (2) - «]. (23.9) 

For instance, after curve y + is traversed twice, f 0 ( z )~^fo( z )- 

(2) Now we continue / 0 ( z ) analytically along y+y_. We have 

/o(2)->[/ 0 (*) +2nl (23.10) 

But if we continue f 0 (z) analytically along y_y+, 
fo ( z ) f/o ( z ) 2 ji]. 

This implies, for one, that y_y + and y+y_ are not homotopic in 
the plane with deleted points z = ±1 (otherwise the analytic con- 
tinuation of / 0 (z) along these two curves would lead to the same 
element; see the monodromy theorem of Sec. 24). Moreover, point 
z = o o is also a branch point of arcsin z, since we circuit this point 
when we traverse y+yl 1 during analytic continuation. This branch 
point is of infinite multiplicity, since 

fo i z ) f o (^) -f- 2kjt 

under analytic continuation along the curve (y+yl 1 )^ ( k = 
±1, ±2, . . .). The analytic functions arccos z, arsinh z, and 
arcosh z are introduced in a similar manner. All these functions can 
be expressed in terms of the logarithm. 

24 Regular Branches of Analytic Functions 

24.1 The monodromy theorem We will now show that the con- 
cepts of a single-valued analytic function and of a regular function 
are identical. Suppose we have a function F (z) that is regular in a 
domain D. At each point z 0 £D the element f Zo (z) is naturally 
fixed, i.e. it is the function F (z) proper. We fix the point z 0 ^D 
and the element f Zo (z) at this point. If a curve y connects points z 0 
and z and lies in D, then f Zo (z) in a quite obvious manner allows 
for an analytic continuation along y, namely, we can take the func- 
tion F (z) as the element at a point z* £ y. 

If F (z) is analytic in D and is single-valued in D , then it is regu- 
lar in Z>. Indeed, in a neighborhood of any point in D, the values of 
F (z) coincide with those of a (unique) element, so that F (z) is regu- 
lar at every point of D . 

The following theorem plays an exceptional role in the theory of 
multiple-valued analytic functions. 
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The monodromy theorem Suppose D is a simply connected domain 
in the extended complex plane and suppose f (z), the element of this 
function at a point z 0 , allows for analytic continuation along all curves 
starting at z 0 and lying in D . Then the analytic function F (z), which 
is the result of analytic continuation of f (z) along all such curves , is 
regular in D . 

By the hypothesis of this theorem, / (z) generates a function that 
is analytic in D . Hence an alternative formulation of the mono- 
dromy theorem: 

A function that is analytic in a simply connected domain is regular 
in this domain . 

Proof. Let y 0 and y 1 be curves given by the equations z = a 0 ( t ) 
and z = o 1 (t), 0 ^ t ^ 1, lying in D , and connecting points z 0 and 
z x . We wish to show that the analytic continuation of the element 
/ (z) along y 0 and y x results in the same element at z x . We will then 
have proved that the analytic function F (z) generated by the ele- 
ment / (z) is single-valued in D , and by the above-made remark the 
function F (z) is regular in D. 

For the sake of simplicity we assume that D is a bounded domain. 
Since D is simply connected, y 0 and y x are homotopic in D, i.e. 
there is a function O ( 5 , t) with the following properties (Sec. 3): 

(1) The function O (s, t) is defined and continuous in the square 
K: 0 ^ s, t ^ 1 and its values lie in D. 

(2) ® (s, 0) = Zq and ® (s, 1) = z, for 0 ^ s ^ 1; ® (0, t) = 
u 0 (t) and ® (1, t) = o i ( t ). 

For each fixed s 6 [0, 1] the equation z = O ( 5 , i), 0 ^ ^ 1, de- 
termines a curve y s lying in D and connecting points z 0 and z v If 
the numbers 5 , s' £ [0, 1J are near each other, then the distance 
between the curves y s and y s > is small, a fact that follows from the 
definition of distance between curves, p (y s , y s *) = max | ® ( 5 , t) — 

<D ( 5 ', t) |, and the uniform continuity of ® in K. Hence, by 
Lemma 3 of Sec. 20, for every s 6 / = [0, 1] there is a positive 6 ( s ) 
such that if s' lies in the interval I 3 = (s — 6 ( 5 ), s -j- 6 ( 5 )), then 
the analytic continuation of f 0 (z) along all such curves y 5 ' results in 
the same element at point z t . By the Heine-Borel lemma, we can 
always select a finite number of intervals I s ., 0 = s 0 < s ± < ... 
... < s n = 1 that cover the segment I and are such that the inter- 
vals I Sj and / S/+1 , 0 j ^ n — l,have a nonempty intersection. 
If s £ I s 0 f] the analytic continuation of / (z) results in the same 
element at point z x ; the same is true for s £ Z Sl f| and so on. Con- 
tinuing this line of reasoning, we find that the analytic continuation 
of the element / (z) along any curve y s , 0 ^ s ^ 1, results in the 
same element at point z x . 

The above proof results in the following corollary, which is known 
as the monodromy theorem, too. 
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The monodromy theorem (an alternative formulation) Let the 
element f (z) be fixed at a point z 0 and allow for analytic continuation 
along any curves that start at z 0 and lie in a domain D . If two curves 
y 0 and y ly start at point z 0 and are homotopic in D , the analytic con- 
tinuation of f (z) along Yo and Yi results in the same element. 

Domain D can be multiply connected. 

24.2 Isolating regular branches Any element of an analytic 
function is said to be a regular branch of this function. The mono- 
dromy theorem gives a simple and convenient algorithm for isolat- 
ing the branches of a multiple-valued analytic function. Precisely, 
suppose we have a function F (z) that is analytic in a finitely connect- 
ed domain D. We cut this domain in such a way that it becomes a 

simply connected domain D ; this can be done in the same way as 
in Sec. 9 (Fig. 43). We fix the element / 0 (z) at a point z 0 £ D . By the 

monodromy theorem this element generates in D a regular function 
F 0 (z) that is a regular branch of F (z). Different elements at point 
z 0 generate different regular branches of F (z). In this way F (z) splits 

in D into regular branches. Note that the cuts that make D a simply 
connected domain can be made in different ways, which means that 
a multiple-valued analytic function can be “cut” into regular bran- 
ches in different ways. 

Here are some examples illustrating the process of splitting a 
multiple-valued function into regular branches. 

Example 1 . Let us cut the complex z plane along a simple curve y 
connecting points 0 and oo. The resulting domain D is simply con- 
nected. Let us show that the function In z splits in D into regular 
branches. We fix point z 0 £D and the element f (z) of the logarithm 
at this point. Since this element allows for analytic continuation 
along any curve not passing through 0 and oo, the monodromy theo- 
rem implies that this element generates in D a regular branch of 
n z. In D the function In z splits into an infinite number of regular 
branches. If f x (z) and / 2 (z) are two regular branches of the loga- 
rithm, then / x (z) — / 2 (z) = 2kni at z^D, with k an integer (see 
Sec. 21.2). 

Similarly, the function z a splits in D into regular branches. If a 
is a real, irrational number or if Im a =^= 0, there is an infinitude of 
regular branches. And if a = p/q , where p and q are coprime num- 
bers and q ^ 1, then there are exactly q different regular branches 
(Sec. 22). For example, the function Y' z splits in D into n regular 
branches. 

If (z) and / 2 (z) are two different regular branches of z a in D r 
then f 2 (z) = e 2hnia f ± (z), with k nonzero integer (see Property 2 in 
Sec. 22). □ 

Example 2. Let / (z) be the regular branch of the function In z in D 
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(Fig. 31) on which / (1) = 0. We wish to calculate the values of 
/ (—2), / (3), and / (-4). By Eq. (21.5), at z 6 D, 

f (z) = In | z | + *A V arg z, 

where the curve y connects the points 1 and z and lies in D. Hence, 
/ ( — 2) = In 2 + ft** / (3) = In 3 + 2n i 9 
f ( — 4) = In 4 + 3 j li. □ 

Example 3. Let us expand the regular function / (z) of Example 2 
in a Taylor series in powers ^of z — 3. Equation 21.10 then yields 

/(B) = ln3 + 2m+2 □ 

k=i 

Example 4. No regular branches of the functions In z and Y z 
(n > 1) can be isolated in D: 0 <C | z | <C oo. This fact follows 

from Property 5 in Sec. 21 and Property 6 in Sec. 22. □ 

Example 5. Let D a be the complex z plane with a cut along the 
ray z = re ia , 0^r<oo, 0 < a < 2n. Then, by the monodromy 
theorem, the function ]/z splits in D a into two regular branches. We 
normalize the branch / a (z) by the condition that f a (1) = 1 and 
calculate / a (i) (a =/= n/2). We have 

fa (0 = ^ i(p/2 » cp = A v arg z, 

where y lies in D and connects points 1 and i. 

(1) jx/2 < a < 2jt. In this case the segment [1, i] can be taken as 
y, so that (p = n/2 and f a ( i ) = e in / 4 . 

(2) 0 < a < n/2. In this case the arc z = e~ u , 0 ^ t ^ 3ji/ 2, 
can be taken as y, so that 

q> = — 3 jt/2, f a ( i ) = —e™' 4 . □ 

Before we proceed with the other examples, let us explain the 
meaning of the expressions In / (z), Y f (z), and (/ (z)) a , where / (z) 
is a regular function. The formula F (z) = In / (z) cannot completely 
define an analytic function since we must fix the initial element or, 
in view of the properties of the logarithm, the value of the function 
at a point (see also Example 4 in Sec. 22). On the other hand, 

F (z) = In / (z), F (z 0 ) = w 0 , 

where w 0 is one of the values of In / (z 0 ), completely defines the ana- 
lytic function F (z). 

Example 6 . Suppose we have a function / (z) that is regular and 
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nonzero in a simply connected domain D. Then the function 

F ( z ) = In / (z), F (z 0 ) = w 0 , 

is regular in D, Here = / (z 0 ). 

Indeed, the function Z 7 (z) is analytic in D (Theorem 2 of Sec. 22)* 
and by the monodromy theorem this function is regular in D, The 
function F (z) is uniquely determined by the relationships 

e F{z) = /(*). F (z 0 ) = 

and the condition that it is regular in D . Its values are given by the 
formula 

F (z) = In | / (z) | + i [Im w 0 -f A v arg / (z)l, (24.1) 

where curve y lies in D and connects points z 0 and z. □ 

Example 7. Suppose we have a function / (z) that is regular and 
nonzero in a simply connected domain D. Then the function 

F (z) = Vf (z). F (z 0 ) = w 0 , 

where w\ = / (z 0 ), is regular in Z). □ 

Let us consider various functional relationships for the logarithm 
and the power function. Suppose f x (z) and / 2 (z) are two functions 
that are regular and nonzero in a simply connected domain D . 
Then the functions 


F 1 (z) = In j x (z), 

M 

o 

II 

5? 

F 2 (z) = In U (z), 

F 2 (Z 0 ) = W 2 ; 

F 0 (z) = In {fi (z) ft (*)). 

F o (z 0 ) = w 0 - 


are regular in D (see Example 6). 

Lemma 1 If w 0 = w x - f w 2 , then 

F 0 (*) = F, (z) + F 2 (z) (24.2) 

in Z). 

Proof, The function F (z) = F x (z) + (z) is regular in D and 

e F ( z ) = f x (z) f 2 (z), F (z 0 ) = w 0 . These conditions define a unique 
function that is regular in D (Example 6). Since F 0 (z) satisfies these 
conditions, too, i.e. 

<?F 0 (z) = /i (Z) / 2 (Z). -Fo ( Z o) = ^0> 

we conclude that Z 7 (z) = F 0 (z) in D, The proof is complete. 

We can write (24.2) formally as 

In (Ji (z) h (z)) = In U (z) + In f 2 (z), z£D. (24.3) 

The exact meaning of (24.3) was discussed in Lemma 1. 

The following relationships can be proved valid in a similar 
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manner: 

ln = ln ^ ~~ ln ^ 

V A (z) h ( z ) = V A ( z ) V fi (z). (24.4) 

lX /l (z) _ //l ( z ) 

' A ( Z ) |// 2 (z) ’ 

(A (z) fi (z))° = (A (*))• (fi (z))“. 

Here /* (2) and / 2 (2) are two functions that are regular and nonzero 
in a simply connected domain D and all z’s belong to D. 

The exact meaning of Eqs. (24.4) is as follows. On the right- and 
left-hand sides of all the relationships in (24.4) the functions are 
regular in D, which means that in each relationship the values of 
the right- and left-hand sides coincide at a point z 0 £D. Take, for 
example, the second relationship. It should be interpreted in the 
following way: 

F 0 (z) = F i (. z ) F z (z), 

where 

F 0 (z) = Vfi (z) h (z), ^o(z 0 ) = «’<>; 

F](z) = Vfj(z), F i (z 0 ) = Wj, 7 = 1, 2. 

and w 0 — w i w 2 . 

Formulas (24.3) and (24.4) lead to important relationships for the 
argument of the product and quotient of two functions. 

Corollary Suppose ( z ) and f 2 (z) are regular and nonzero in a 

domain D and curve y lies in D. Then 

A v arg (A (z) / 2 (z)) = A v arg f { (z) - A v arg / 2 (z), (24.5) 

Avarg (aw) =A v a r gA(z) — A v arg / 2 (z). (24.6) 

Proof. Let us prove the validity of (24.5). Let D be simply con- 
nected, y connect points z 0 and z , and F j (z), j = 0, 1,2, be the 
same functions as in Lemma 1. Then at z £ D we have 

Fj (z) = In | f; (z) | + i [Im w j + A v arg fj (z) ], j = 1, 2, 

F 0 (z) = In | A (z) fi (z) I + i (Im w 0 + A v arg (/, (z) A (z))]. 

Substituting these expressions into (24.2) and bearing in mind that 
w o = w i w 2 ' we arrive at (24.5). 

Now suppose D is a multiply connected domain. We cover y with 
a finite number of circles K 0 , AT,, . . ., K n (all lying in D) whose 
centers z 0 , z ir . . ., z n lie on y in an ordered fashion, with the z 0 the 
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initial point and z n the terminal point. We divide y into arcs y 0 , 
Ti» • • •* Vn» where arc y^ lies inside Kj, so that y = y 0 y x . . . 

• • • Yn-iyn- Then (24.5) holds for each y^, as proved earlier. Since 
the variation of the argument along y is equal to the sum of the 
variations of the argument along y 0 , ...» y n , we find that (24.5) is 
indeed valid. 

Formula (24.6) is proved similarly, with the help of the first 
formula in (24.4). 

Since the fact that two analytic functions are equal means that 
their initial elements are equal, formulas of the type (24.2) and 
(24.3) are valid for analytic functions, too. Let us assume, for the 
sake of simplicity, that the functions f x ( z ) and / 2 (z) are regular and 
nonzero in D. We select a point z 0 £D. Then (see Example 7) the 
functions 

Si (z) = Vfj (z), g] (z 0 ) = w )> 1 — U 2, 
go (2) = V ft (z) / 2 (z)r go (z 0 ) = W 0 , 

are regular in a neighborhood U of this point. Suppose the Wj are 
such that w 0 = w x w 2 . Then, as we have just proved, 

go (2) = Si (z) S 2 (z), zeu. (24.7) 

If F j (z) is the analytic function generated by the element gj ( z ) 
fixed at point z 0 , / = 0, 1, 2, then, by virtue of (24.7), 

F 0 (z) = F x (z) F 2 (z) 9 (24.8) 

where the equality is understood in the sense of that of two analytic 
functions. We can also write (24.8) as 

V fi (z) fz (z) = V ft (z) V Tz (z); 

the exact meaning of this relationship has been explained above. 
Formula (24.3) and the remaining formulas in (24.4) can be inter- 
preted in a similar manner. 

24.3 Regular branches of analytic functions in multiply connected 
domains The monodromy theorem does not say how to separate 
regular branches of a function F (z) in a multiply connected domain 
D . Here is a way of solving this problem. Suppose f (z) is an ele- 
ment of F (z) at a point z 0 £ D and y is a closed curve lying in D and 
starting at z 0 . If we continue / (z) along y analytically, we arrive at 
element g (z) at point z 0 . Briefly this fact can be put as follows: 

f(z)-*g (z) 

as curve y is traversed. 

Lemma 2 If 

f (z) -+■ / (z) 
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as any arbitrary curve y in D is traversed , then element f ( z ) generates a 
branch of F (z) that is regular in D. In other words , there exists a func- 
tion F 0 ( z ) that is regular in D and 

Fo (*) = / (*) 

in a neighborhood of z 0 . 

This lemma is quite obvious intuitively. A rigorous proof can be 
found in Shabat [1]. 

But if the traversal of a closed curve y in D leads to 

/ (z)-+g ( 2 ). 

with g (z) =^= f (z), the function F (z) does not allow for isolation of 
a regular branch in D. 

This is the procedure of isolation of regular branches in the gen- 
eral case. It can be considerably simplified when we are dealing 
with such analytic functions as V f ( z ), In / (z), and (/ ( z)) a , where 
/ (z) is a function that is regular in a domain D. This follows from 
the fact that these functions have the same property as In z and z a 
(see Secs. 21 and 22); precisely, any element of In / (z) (and (/ ( z)) a ) 
at any point is completely defined by its value at the point. For 
this reason we have 

Lemma 3 Suppose a function f (z) is regular and nonzero in a do- 
main D , and the analytic function F (z) = In / (z) is generated by the 
element F 0 (z) at a point z 0 6 D . If all values of F (z 0 ) obtained as a 
result of traversal of all closed curves y lying in D and starting at z 0 
coincide with F 0 (z 0 ), then the analytic function F (z) is regular in D. 

The same proposition is valid for (f (z)) a . 

Proof. We start with the first proposition. Suppose y is a closed 
curve that lies in D and starts at z 0 . Then F 0 (z) F i (z) when y is 
traversed (here F { (z) is the element at point z 0 ). By hypothesis, 
F i (z 0 ) = F 0 (z 0 ). Since any element of F (z) = In / (z) at point z 0 
is uniquely defined by its value at this point, we find that F x (z) = 
F 0 (z). By Lemma 2 the element F 0 (z) generates a function that 
is regular in D. The second proposition can be proved in a similar 
manner. 

Example 8 . Let us show that the analytic function F (z) =Y z 2 — 1 
splits into two regular branches in a domain D 0 that is the complex 
z plane cut along the segments (— 00 , — 1] and [1, -f- 00 ). 

Since z 2 — 1 0 in D 0 , by Theorem 2 of Sec. 22 we can say that 

F (z) is analytic in D 0 . Since this domain is simply connected, the 
monodromy theorem states that F (z) splits in D 0 into regular 
branches. A regular branch is completely specified if we fix its value 
at a point z 0 6 F > 0 : 

F 0 ( 2 ) = l^z 2 — 1, F 6 (z 0 ) = w 0 , 


12-01641 
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where w\ = z\ — 1 (i.e. w 0 is one of the values of V z\ — 1). There 
are exactly two regular branches of F (z) in D 0 , and they are related 
thus: ( z ) = — F 0 (z), z £D 0 . 


z—i 

Similarly, the function G (z) = In — — split in D 0 into regular 

z-\-\ 

branches; there is an infinite number of such branches, each of which 
is uniquely specified by its value at a point z 0 6 D. For instance, one 

way to describe all the branches 
G k (z) is to write 



G 0 ( z ) = In 


z — 1 


G 0 (0) = Jii, 


2 + 1 ’ 

G h (z) = G 0 (z) -f- 2kni 

( k — 0, +1, +2, . . .). n 

Example 9. Suppose/) is the com- 
plex z plane (not in the extended 
sense) with a cut along [ — 1 , 1 ] 
(Fig. 64). Let us show that the ana- 


lytic function F (z) = ]/ z 2 — 1 splits in D into two regular bran- 
ches. Note that D is multiply connected. 

Proof 1. Suppose the initial element F 0 (z) of F (z) is fixed at a 
point z 0 and let y be a simple closed curve starting at z 0 and lying 
in D. The value of F (z 0 ) obtained as a result of traversal of y is 


F (z 0 ) = F o (z 0 ) e'f' 2 . 


where cp = A v arg (z 2 — 1 ). Since z 2 — 1 = (z — 1 ) (z + 1), we can 
write 

<P = <Pi + <P 2 > Ti = A v arg (z — 1), cp 2 = A v arg (z + 1). 


(1) If the segment [ — 1, 1] does not lie inside y, then cp 2 = cp 2 = 
0, so that F (z 0 ) = F 0 (z 0 ). 

(2) If the segment [ — 1, 1] does lie inside y (Fig. 64) and y is 
oriented in the positive sense, then (pi = (p 2 = 2jt, so that 9 = 4ji 
and again F (z 0 ) F 0 (z 0 ). If y is oriented in the negative sense, 
then cp = — 4 ji. 

We have just proved that the function 

fo ( z ) = Vz 2 — 1 , z £D; f 0 (z 0 ) = w 0 , 

is regular in D (here w 0 is one of the values of V z' 2 — 1). Similarly- 
the function 

/i ( 2 ) = V z z — 1, Z 6 D-, U (z 0 ) = — ^ 0 . 
is regular in D and 

/i (2) = —fo (z). z£Z), 
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so that the function ]/ z 2 — 1 splits in D into two regular branches. 
Proof 2 . We write 

F(z) = zG(z), G(z) = j/ 1 — -jr, 

where G ( 2 ) is fixed by the condition that 

G ( W = ^, 

2 0 

with Z 0 ( 2 ) and G 0 ( 2 ) the initial elements of Z ( 2 ) and G ( 2 ) at point 
2 q. The function 2 is regular in D. The function G ( 2 ) is analytic in 

the simply connected domain D = D \ J {2 = 00 } on Riemann’s 
sphere. According to the monodromy theorem, the function G ( 2 ) 

is regular in D and, hence, in D. Consequently, the function 
F ( 2 ) = zG ( 2 ), 2 6 Z>; F ( 2 0 ) = F 0 ( 2 0 ), 

is regular in D. □ 

Example 10. Suppose D is the complex 2 plane with a cut along 
the segment [ — 1, 1] and / ( 2 ) is the branch of ]/ z 1 — 1 that is regu- 
lar in D and such that / (2) = ]/ 3. We wish to calculate the val- 
ues of this function for real 
z — x. If 2 £ Z>, then 

/(z) = |/i^T| e«<p>+'(’*)/2, 

(Pi = A v arg (z — 1), 

<P 2 = A v arg (z -f 1), 

where curve y connects Fig. 65 

points 2 and 2 and lies in D. 

(1) Let x be greater than unity. Then we can take the segment 

[2, x] as y, so that <Pi = <p 2 = 0 and / (x) = ]/ x 2 — 1. (Here and 
below $11 the roots are assumed to be arithmetic roots.) 

(2) Now suppose that point x £ (—1, 1) and lies on the upper bank 
of the cut. Then we can take a curve that lies in the upper half- 
plane and connects points 2 and x as y (Fig. 65). Then cp 4 = jx and 
cp 2 = 0, so that f (x - f- *0) = iV 1 — x 2 . 

(3) Now let x be less than — 1. Then any curve that connects 
points 2 and x and lies in the upper half-plane can be taken as y. We 
have cp, = (p 2 = + n ’ so that / ( x ) — — V x 2 — 1. 

(4) Finally, suppose x lies on the lower bank of the cut, then a 
curve lying in the lower half-plane and connecting points 2 and x 
can be taken as y (Fig. 65). We have cpj = — ji and (p 2 = 0, so that 
/ (x — £0) = — i\f 1 — x 2 . 

Suppose that 2 = iy with y > 0. Let us take the segment [2, iy] 



12* 
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as y. Then <Pi + q> 2 = n, so that / ( iy ) = iVy"" + 1 (y > 0). Sim- 
ilarly, / (—iy) = — iVy 2 + 1 (y >0). 

Let us calculate /' (z). Formula (22.3) yields 


/'(*) 


Z Z 

Y 2 2 — 1 — / (*) ’ 


□ 


Example 11. Suppose Z> and / (z) are the same as in the previous 
example. Let us expand / (z) in a Laurent series in a neighborhood of 
point z = oo. 

The identity Y z* — 1 = zj/" 1 — 1/z 2 implies that f (z) = zg (z), 
with g (z) a branch of Vl — 1/z 2 that is regular in Z). Since / (z) >. 
0 at x >1 (see Example 10), we have g (x) >0 at x >. 1, so that 
lim g (x) — 1. Hence, g (oo) = 1 and the sought-for expansion 

JC -*• + «> 

has the form 

/(z) = z 2 f 1 / 2 )(-l) n z- 2n . □ 

n=0 V n / 


Example 12. Let us show that the analytic function 

^)= ln iS 

splits into regular branches in the domain D (Fig. 64), where D is 
the complex z plane cut along the segment [— 1, 1], 

Proof 1. Suppose F 0 (z) is the initial element of F (z) at a point 
z 0 , and y is a simple closed curve lying in D and starting at z 0 . The 
value F (z 0 ), obtained as a result of traversal of y, is 

F (z 0 ) = F 0 (z 0 ) + i A v arg . 

Moreover, 

A v arg = <Pi-<P 2 . cpi = A v arg(l — z), 
cp 2 = A v arg(l-fz). 

If the segment [ — 1, 1] does not lie inside y, then cp t — <p 2 = 0. 
But if the segment [ — 1, 1] does lie inside y and the curve is orient- 
ed in the positive sense, <Px = 2n and qp 2 = 2 jt, so that again qp, — 
qp 2 = 0. Hence F (z 0 ) = F 0 ( z 0 ) and the function 

/(z) = lnj=f , z£D; /(z 0 ) = F 0 (z 0 ), 

is regular in D. 

The number of branches into which F (z) splits in D is countable. 
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A single formula can be given to describe these branches: 


/*(*) = In 


H-2 


+ iA v arg 


1 — Z 

1 +z 


ilmw 0 -i- 2kjii, 


k = 0, ± 1, ± 2 f . . . . 

z i \ 

Here w 0 = In is a fixed value of the logarithm, and the curve 
z 0 — 1 

Y connects the points z 0 and z and lies in D. 

Proof 2. The function 

-f+4 - 

F(z) = In F(z 0 ) = F 0 (z 0 ), 

J+T 

is analytic in the domain D = D [ J {z = oo}. This domain is simply 

connected; hence, by the monodromy theorem, F (z) is regular in D 
and, therefore, in D. □ 

Example 13. Let D be the complex z plane with a cut along the 
segment [ — 1, 1] and / ( z ) is the regular (in D) branch of In tt -011 

* I 1 * 

which / (0 + £0) = 0 (i.e. the value of / (z) at the point z = 0 on the 
upper bank of the cut is zero). We wish to calculate the values of 
/ (z) on the real and imaginary axes. 

In D , 

■ ( 2 ) = ln |lTi'| + i ( ( P‘ — ^2). 

<p x + A v arg (1 — z), (p 2 = A v arg (1 + z), 

with curve y lying in D and connecting point 0 (on the upper hank) 
with point z. 

(1) Suppose point z = x 6 (— 1, 1) and lies on the upper bank. 
Then = (p 2 = 0, so that 

/(* + i0) = ln-i=f- 

(this is a real number). 

(2) Now let z = x be greater than unity. Then <p 4 = — jt and 
f p 2 = 0, so that 

/(*) = ln 

If z = x <C — 1, then cp d = 0 and cp 2 = ji, so that 


/(x) = ln^ T {—m. 

(3) Suppose point z — x ^ (—1, 1) and lies on the lower bank of 
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the cut. Then (p t = — 2ji and cp 2 = 0, so that 
/ (x — iO) = In ■ * ^ 2ni. 

(4) Suppose z = iy with y >0. Then cp t = — cp 2 , with cp 2 = 
arctan y, so that at ^ >0 we have 

/ (iy) — — 2i arctan y, 

since | 1 — iy | = | 1 + iy |. Similarly, / (iy) = — 2i(n arctan y) 
at y < 0. □ 

Example 14. We take D and / ( 2 ) the same as in the previous exam- 
ple. Let us expand / (z) in a Laurent series in a neighborhood of 
point z = 00 . 

At y >0 we have (see Example 13, case (4)) / (iy) = —2 i arctan y, 
so that 

/(oo)= lim f (iy) = — Jii. 

Hence, in a neighborhood of point z = 00 we have 

f (z) = In = - m + In ( 1 - -i- ) - In (l+^b 

where the logarithms on the right-hand side are regular functions 
at point z = 00 and vanish at this point. Expanding these functions 
in Laurent series, we obtain 

00 00 00 

r / \ V 1 V ( — l) n + 1 V 2 

/(z)— m 2j „ 2 n 2j „ z n — 2 j (2n + 1) z 2n+l • 

n=l n=l ?i=0 

This last series converges in the annulus 1 < | z | < 00 . □ 

Let a and b be two complex numbers, a b, and D the complex z 
plane with a cut along the segment [< 2 , b]. We can show, by rea- 
soning along the same lines as in Examples 9 and 12, that the ana- 
lytic functions 

F(z) = V(z-a) (z-b), G(z) = ln-^f 

split in D into regular branches. 

24.4 Regular branches of analytic functions in multiply connected 
domains (continued) 

Example 15. Let D be the complex z plane with a cut along the 
segment [—1, 1] (Fig. 64). We wish to show that for real a's the 
function 

'w- (-£§■)* 

splits in D into regular branches. 

Let the initial element F 0 (z) of F (z) be fixed at a point z 0 and 



Regular Branches of Analytic Functions 183 

suppose that y is a simple closed curve starting at z 0 and lying in D. 
The value F ( z 0 ) obtained as a result of traversal of y is 

F (z 0 ) = F 0 (z 0 ) e ia( f, <jp = A v arg ■ 

Just as in Example 12, we have q> = 0, so that F (z 0 ) = F 0 (z 0 ), 
and, according to Lemma 3, the function 

/(*)=( 4 $)“’ Z t°' fo(Zo) = F 0 (z 0 ), 

is regular in D. Two different branches of F (z) in D differ by the 
factor e i2nak , with k an integer. □ 

Example 16. Suppose D is the complex z plane with a cut along 

the segment [ — 1, 1], and/(z) is the regular (in D) branch of 

with a a real number, on which / (0 4- £0) = 1 (i.e. / ( z 0 ) = 1 at 

point z 0 = 0 on the upper bank of the cut). Let us calculate the 
values of / (z) on the real axis. At z £ D we have 

/( z )= <p=<pi— <p 2 . 

where (p 2 = A y arg (1 — z) and cp 2 = A V arg (1 -f z), and y is a 
curve that connects points 0 + and z and lies inZ). The numbers 
(p x and (p 2 are calculated in the same way as in Example 13. 

(1) If point z = x 6 ( — 1, 1) and lies on the upper bank, then 
cpi = q^ 2 = 0, so that 

/(*+* 0) = (TTr)“ >0 - 

(2) If z = x > 1, then cp A = — n and <p 2 = 0, so that 

But*if z = x <C — 1 . then (p x = 0 and q) 2 = it, so that 

/<*> = (■§ 

In these formulas ^ ) a * s positive. 

(3) If point z = x £ ( — 1, 1) and lies on the lower bank, then 
(p* = — 2 jx and cp 2 = 0, so that 

f(x-i0)=(-^j a □ 

Example 17. Both D and / (z) are the same as in Example 16. 
We wish to calculate the first two terms in the Laurent expansion 
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Suppose the initial element F 0 ( z ) of F ( z ) is fixed at a point z 0 £D 
and y is a simple closed curve starting at z 0 and lying in D. The 
traversal of y leads to the following: 

F (z 0 ) = F 0 (z 0 ) e i( P/2, <p = A v arg [(z 2 — 1) (z 2 — 4)). 

Moreover, 

cp = (Pj + <P 2 + <Ps + cp 4 , cp J= A r arg (z — z y ), 
where z i — —*2, z 2 = —1, z 3 = 1, and z 4 = 2. If the cuts do not 
lie inside y, then all the cp ; vanish, so that F (z 0 ) = F 0 (z 0 ). If only 


-2 



Fig. 66 Fig. 67 


the segment [ — 2, — 1] lies inside y, then (p 3 = cp 4 = 0 and (p x = 
ip 2 = 2n (if y is oriented in the positive sense), so that (p = 4jc 
and again F ( z 0 ) = F 0 (z 0 ). In the same manner we can prove that 
F (z 0 ) — F 0 (z 0 ) if the segment [1,2] lies inside y. By Lemma 3, the 
function 

/ (z) = VW 2 - — 1) (2 2 — 4), z6 D; f (z 0 ) = F 0 (z 0 ), 
is regular in Z). □ 

Example 22. Suppose z 19 z 2 , . . ., z 2n are different complex numbers 
and 

F (z) = ^(z — Zl)(2 — Z 2 ) --.(Z — Z 2 n) • 

We cut the complex z plane along the simple nonconcurrent curves lj 
connecting the points z 2 j- 1 and z 2j , 1 ^ j ^ /z. Then in the resulting 
domain the function F (z) splits into two regular branches. (The 
proof is the same as in Example 21.) □ 

Example 23. Suppose P n (z) is a polynomial of degree n , i.e. 

Pn (z) = a (z — Zj) (z z 2 ) • • . (z z n ), a 0, 
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whose zeros lie in the circle | z | < R. At what integral values of m 
can a regular branch of 


F{z) = VP n {*) 


be isolated in the domain D : R < | z | < oo? 

Suppose the initial element F 0 ( z ) of F ( z ) is specified at a point z 0 
and y is a simple closed curve starting at z 0 and lying in D. Traversal 
of y yields 

F (z 0 ) = F o (z 0 ) eW m , cp = cpi + (p 2 + . . . + q) n , 

<P j = A v arg (z — zj). 


If the interior of y lies in D , then all the cp 7 - vanish. If y is oriented in 
the positive sense and contains the circle \ z | < R, then all the 
<p 7 — 2jt, so that (p = 2nn . 

Hence, the function allows for isolation of a regular branch in D 
if and only if e i2njl/m = 1, i.e. m must be a divisor of n. □ 
Example 24. The function 


F (z) = In 


(«-l)(* + 4) 
(z — 3) (z- \-2) 9 


F(0) = W 0 , 


where w 0 is one of the values of In z | 2=2 / 3 , is analytic in D 0 , which 
is the extended complex z plane with points —4, — 2, 1, and 3 de- 
leted. Indeed, the function 


/(*) 


(z — l)(z + 4) 
(* — 3) (i + 2) 


is regular and nonzero in D 0 , so that the function 
F (z) = In / (z), F (0) = w 0 , 


is analytic in Z) 0 , according to Theorem 2 of Sec. 22. Here are ex- 
amples of domains in which a regular branch of F (z) can be isolated. 

(1) We cut the complex z plane along nonconcurrent rays starting 
at points — 4, — 2, 1, and 3. The resulting domain D { is simply 
connected, and by the monodromy theorem the function F (z) splits 
into regular branches in D x (see also Example 6). 

(2) We cut the complex z plane along the segments ( — oo, — 4), 
I — 2, 1], and [3, oo). Let us show that in the resulting domain D 2 
the function F (z) splits into regular branches. Indeed, if y is a sim- 
ple closed curve that lies in D 2 and contains in its interior the seg- 
ment [ — 2, 11, then 

A v arg / (z) = cpi + cp 2 , 

<f., = A v arg^±|-, <p 2 = A v arg “py • 

It is obvious that <p x = 0, since z -f- 4 =/= 0 and z — 3 ^ 0 in the 
interior of y. Also, (p 2 = 0, a fact that can be proved in the same way 
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of / (z) in a neighborhood of point z = oo. We have 
/( oo)= mil / (x) = e~ iaTl 

«xr — ► — J— oo 

(see Example 16, case (2)). Moreover, 


/(*)= 


1+ ~r 


— e~ ia:i g (z), ^(z): 


U-U ’ 


where g ( z ) is regular at point z = oo and is equal to unity at this 
point. Expanding g (z) in a Laurent series in powers of 1/z, we obtain 


/(z) = (l — -2i +...). □ 


Example 18. Let Z> be the complex 2 plane with a cut along the 
segment [0, 1]. The analytic function 


■w-j ^ 


splits in D into three regular branches. This can be proved in the 
same manner as we did in Example 15. 

Let / (z) be a regular branch of F (z) in D that is positive on the 
upper bank of the cut. We expand / (z) in a Laurent series in a neigh- 
borhood of point z = 00 . At z £ D we have 

/(*)= j/jzi eit,,/3 ’ <p = <Pi — <Pvm 

where (p A = A v arg z and (p 2 = A v arg (1 — 2 ), and curve y lies in D 
and connects point z 0 = 1/2 + iO (on the upper bank) with point z . 
Suppose z = x is greater than unity. Then q> 4 = 0 and cp 2 = — jt, 
so that 

/(*)= Vi=i ein ' 3 - 

Hence, 

/(oo)= lim f (x) = e in l 3 * 

*-►+00 

In a neighborhood of point z = 00 we have 

where the value of the root at z = 00 is unity. Hence, the sought- 
for expansion is 

00 

= /- 1 / 3 V_l)"z-". □ 

n=0 ' ” ' 
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Example 19. Suppose P n ( z ) is a polynomial of degree n : 

P n (z) = a (z — z x ) (z — z 2 ) . . . (z — z„), a^= 0, 

where z t , . . z n are different complex numbers, and R > max | z k | , 

i.e. all the zeros of P n ( z ) lie within the circle J z | <C R. We wish to 
show that the analytic function 

f( Z ) = VpjJ) 

splits in the annulus D : R < | z | < oo into n regular branches. 

Suppose that the initial element F 0 ( z ) of F ( z ) is fixed at a point 
z 0 and that y is a simple closed curve starting at z Q and lying in D . 
The value of the element obtained as a result of traversal of y is 

F ( z 0 ) = (z 0 ) e i( P/ n , cp = A v arg P n (z). 

Moreover, 

<P = <Pi + <P 2 + • • • + <Pn> (pj = A v arg (z — z } ). 

If the interior of y lies in D, then all the vanish, so that (p = 0 
and F (: z 0 ) = F 0 (z 0 ). If the circle | z | < R lies inside y and this 
curve is oriented counterclockwise, then all the <p y * = 2 ji, so that 
y/n = 2n and again F ( z 0 ) = F 0 (z 0 ). By Lemma 3, F (z) splits 
in D into regular branches. If / 0 (z) is one such branch, the other 
regular branches are 

fk ( z ) = e i2nh/n f 0 (z), A = 1, 2, — 1 

Note that 

f(z) = Y P n (z) ~V az (z-voo), 

where Y a is a value of the root (different on each branch). 

Here is another way of proving this fact. We have 

F (z) — zG (z), G(z)= a (l -ii-) ... 

where z 0 G (z 0 ) = F 0 (z 0 ). The function G (. z ) is analytic in the sim- 
ply connected domain D = D [} {z = oo} and, by the monodromy 

theorem, is regular in this domain. Since Z), we conclude that 
G {z) is regular in D. □ 

Example 20. Let F (z) be the function of Example 19. We fix 
point z 0 and connect it with segments to all the Zj , 1^/^ n\ let D 
be the exterior of the resulting “star” (Fig. 66). Reasoning along the 
same lines as in Example 19, we can show that F (z) splits in D 
into n regular branches. □ 

Example 21. The function F (z) — Y (z 2 — 1) (2 2 — 4) splits 
into two regular branches in the domain D that is the complex z. 
plane with cuts along the segments [ — 2, — 1] and [1, 2] (Fig. 67). 
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as we did in Example 12. Hence, A v arg / (z) = 0. From this, just as 
in Example 12, it follows that F ( z ) splits in D 2 into regular bran- 
ches. In particular, this proposition is true for the annulus D 3 : 
3/2 < | z + 1/2 | < 7/2. 

(3) We take the domain Z) 4 , which is the complex z plane with 
cuts along the segments [—4, — 2] and [1, 3]. In this domain F (z) 
also splits into regular branches. Indeed, if y is a simple closed curve 
lying in Z> 4 , then 

A v arg / (z) = A v arg + A v arg = c Pl + cp 2 . 

If the cut along [ — 4, — 2] lies in the interior of y and the cut along 
[1, 3] in the exterior of y, then, obviously, cp 2 = 0, while (p* = 0 in 
view of Example 12. The case where the cut along [1, 3] lies inside y 
can be considered in a similar manner. 

For one, the function F (z) splits into regular branches in the cir- 
cle | z -f- 1/2 1 C 3/2 and in the domain | z + 1/2 | >7/2. □ 

Example 25. Suppose D is the complex z plane with a cut along 
the segment [0, 1], and 

/(z)= ^z(l — z) 3 , / (x + iO) > 0, x€(0, 1). 

The function / (z) is regular in D (see Example 19). Let us calculate 
/ (-1), f (-1), and f" (-1). We have 

f(z) = y r g{ 2 ), g(z) = z(l — z) 3 . 


The reader will recall that ( w a ) = (see Eq. 22.3')). where the 

values of w a on both sides are the same. Hence, 


/'w4 

/"(2) = -r 


g' (g) / (z) 
£(z) ’ 

g" (z) / (z) 
g(z) 


3 (g'(s))*/(z) 
16 g 2 (z) 


We select a curve y that connects a point x 6 (0, 1) on the upper 
bank of the cut with point — 1. Then 

Ay arg g (z) = A v arg z -j- 3 A v arg (1 — z) = n. 

Hence, 


/ ( — 1) = e iJt / 4 1 ( — 1) | = e ln/4 1^8. 


Moreover, g (—1) = —8, g' (—1) = 20, and g" (—1) = —36, so that 

r<-i> — 


e in/4 . □ 
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Example 26. Let us show that in D: 1 < | z | <C oo we cannot 
isolate a single regular branch of the function 

F {z) = In (z- \-Y — 1) . 

The function G (z) = ]/z 2 — 1 splits in D into two regular 
branches, g 0 (z) and g { (z) (see Example 9); for the sake of definiteness we 
will assume that g 0 (2) >0 and g t (2) < 0. Thus, the function 
F (z) splits in D into two analytic functions: 

Fj (z) = In h } {z), ] = 0, 1, 
hj (z) = z + gj(z). 

Note that g ± ( z ) = — g 0 ( z ). In view of Example 11, 

£o(z)=z— 4r +0 (ir) C 2 ^ 00 )* 

so that as 2 oo, 

M*)=*(2+o(-!-)), *,W-4(i+0(4)). 

Let y be a circle | z | = p > 1 oriented in the positive sense and 
with the initial point at point z = p. If is the initial value of 
F j(z) at point p, then after traversal of y we get 

Wj = iq)p cp = A y dLTghj(z). 

We have 

cp 0 = 2n-\-ty Q , = ar g ( 2 -J- O ^ — j ) . 

If p is large, then'll, = 0, so that F 0 (z) is multiple-valued. Similarly, 
<Pi = — 2n + ■>))!, f, = A v arg + 0 (t))> 
so that ^ = 0 if p is large. □ 


25 Singular Boundary Points 

Let the function / (z) be regular in a domain D whose boundary T 
is a simple piecewise smooth curve and let £ 6 T. Point £ is said to be 
a singular point of / (z) if this function cannot be analytically con- 
tinued along a curve y that lies in D and whose terminal point is £. 

From this definition and the properties of analytic continuation 
(Sec. 20) it follows that the possibility of continuing the function 
/ ( z ) analytically to the boundary point £ of D does not depend on 
the choice of curve y lying in D . 
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We wish to prove that if 

lim /< A ) (z) = oo (25.1) 

26V 

for a 0, then point £ 6 T is a singular point for f (z) (at k = 0 
we put /<°> (z) = / (z)). Indeed, if / (z) can be continued analytical- 
ly to the boundary point £ of D along y, then, by the very definition 
of analytic continuation (Sec. 20), there is a function /; (z) that is 
regular in a circle K : | z — £ | < p and is such that / c (z) = / (z) if 
z f K D V- This means that 

lim /<«(*) = /£>(£)¥= oo 
2~ * £ 

26V 

for any which contradicts condition (25.1). 

Let us study the case of singular boundary points when D is a 
circle. We start with the following 

Theorem The boundary of the circle of convergence of the power 
series 

/(*)= 2 c n (z-a) n (25.2) 

n— 0 

contains at least one singular point of the sum f (z) of this series. 

Proof. Let K: | z — a | < R be the circle of convergence of (25.2) t 
0 < R < oo. We assume there are no singular points of / (z) on 
the circle y R : | z — a | = R. Then this function can be analytically 
continued to every point lying on y R . We denote the result of analyt- 
ic continuation by F (z), so that F (z) = f (z) if z £ K. By the defini- 
tion of analytic continuation, to every point £ 6 Ya there corresponds 
a circle K £ centered at point £; inside every such circle F (z) is regu- 
lar. Thus, the circle yR is covered by an infinite number of circles 
with centers lying on y R . 

By Heine-Borel’s lemma (e.g. see Kudryavtsev [1]), out of this 
infinitude of curve we can always select a finite covering, i.e. there 
is a set of circles K (j = 1,2, . . ., n), £ y - 6 Yr > suc h that each 
point £ 6 Yr belongs to at least one of such circles. Let z ; - be the 
intersection point of two adjacent circles K ^ and (/ = 1» 

2, . . ., n; Kr = iffOthat lies outside K and let R 0 = min | z.- — 

a |. Then the function F (z), which coincides with / (z) in K> 
is regular in the larger circle K 0 : | z — a | < i? 0 , with i? 0 >R. 
From this it follows (see Corollary 3 of Sec. 12) that the function 
F (z) can be represented in K 0 by a convergent series (25.2), i.e. the 
radius of convergence of the series (25.2) is greater than 7?, which 
contradicts the hypothesis. The proof of the theorem is complete. 

oo 

Example 1. The radius of convergence of the series T] (— l) n z 2 '* 

71=0 
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1 Of 


is equal to unity. The boundary of the circle of convergence of this 
series contains two singular points of the sum of the series 1/(1 + 
z 2 ), namely, points i and — i. □ 

Corollary The radius of convergence of the series (25.2) is equal 
to the distance between point a and the nearest singular point of f (z). 

In many cases this proposition enables us to effectively determine 
the radius of convergence of a power series without using the Cau- 
chy-Hadamard formula (Sec. 11). 

Example 2. The radius of convergence of 

oo 

1 V n 

(2 + 2) (z — 3) A c n z 

n— 0 

is 2 since the singular point of the sum of the series nearest to z = 0 
is —2. □ 

Example 3. The raduis of convergence of 


tan z 


oo 

sin z 
cos z 

71 = 0 


2 °n z 


is ji/2 since the singular points of tan z nearest to z = 0 are the 
poles at z t = n/2 and z 2 = — Jt/2. □ 

Remark 1. The function e x of the real variable x can be differentiat- 
ed an infinite number of times on the entire real axis, and the series 


e *=2 lr ^.3) 

??=o 

converges for all values of x. On the other hand, the function 1/(1 -f 
x 2 ) can also be differentiated an infinite number of times on the 
entire real axis, but the radius of convergence of the series 

oo 

rpjr-2 (-i)”* 271 (25.4) 

71=0 

is 1. The reason for this becomes clear if we move from the real 
axis into the complex plane. Indeed, the function e' is an entire 
function and the radius of convergence of the series in (25.3) is R = 
oo. On the other hand, the function 1/(1 -f z 2 ) has two singular 
points, z i = i and z 0 = — i. Hence, the radius of convergence of 
the series in (25.4) is 1. 

Remark 2. The convergence of the power series (25.2) at the bound- 
ary points of the circle of convergence is not related to the regular- 
ity of the sum of this series at these points (see Examples 4-6). 

oo 

Example 4. The series ~ 2 divergent at all the 

71 = 0 
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points on the boundary of a unit circle, while point 1 is the singu- 
lar point of the sum of the series and all the other points on the 
boundary are points of regularity of the sum. □ 

oo 

Example 5. The series / (z) = 2 — — is convergent at 

n=l 

point 1 and its sum is regular at this point since / ( z ) is a regular 
branch of the function In (1 -f- z). □ 

OO 

Example 6. The series / (z) = 2 J ' n (yz+i) * s conver g en t 

n= 1 

points on the boundary of a unit circle, including the point 1, but 
this point is singular for f (z). Indeed, / ( z ) is a regular branch of the 

function 1 -f- In (1 — z) = F (z), and point z = 1 is a loga- 
rithmic branch point for F (z). □ 

Here is an example in which every point on the boundary of the 
circle of convergence is singular. 

Example 7. Consider the series 

/(*)= 2 2 2ft - 
k=0 

The radius of convergence of this series is 1. First let us show that 
point z = 1 is singular for / (z). We take the segment [0, 1] as y. 
If z 6 y, then z 2h = x 2h -+- 1 as z = x-+- 1 — 0 (k = 0, 1, 2, . . .) 

oo 

and, hence, / (x) = 2 x 2h -+- oo as x-+- 1 — 0. Thus, condition 

h= 1 

(25.1) is met- (A: = 0) and point z = 1 is singular for / (z). 
Moreover, the fact that 

/(*)=*■+ *4 +...+ * 2 « + [1+ + (* 2 » )4 + . . .] 

leads to the following functional relationship for / (z): 

/ (z) = z * + Z 4 + _ . + z 2n + / (z*-), 72 = 1, 2, . . . (25.5) 

Since point z = 1 is singular for / (z), the functional relationship im- 
plies that for any natural number n all the points that satisfy the 
condition 

z2 n = l (25.6) 

are also singular for / (z). The roots of Eq. (25.6) form an everywhere 
dense set of points on the boundary of a unit circle. From this it 
follows that all the. points on the boundary of a unit circle are sin- 
gular for / (z). Indeed, if a point £ on this boundary is not singular, 
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then there is an arc of the boundary that contains this point and other 
nonsingular points. But this is impossible. □ 

Example 8 . Suppose there is only one singular point z 0 (a first- 
order pole) lying on the boundary of the circle of convergence of the 

n 

power series f.(z) = ^ e n z n . Let us find an asymptotic estimate 
ri= 0 

for the c n . 

The hypothesis implies that 

f(z) = g(z)+— A^O, (25.7) 

where g (z) is regular in the circle | z | < i?, R > | z 0 |. In view of 
the fact that the series 


*(*)= S Kz n 


71=0 


is convergent at z 0 we have 

h n z o 0 ( n 

Since 


oo). 


(25.8) 

(25.9) 


oo 

1 Y z n 

z — z o ~ ^ z £ +1 ’ 

71=0 0 


(25.10) 


from (25.7) and (25.8) it follows that 



whence in view of (25.9) we arrive at the following asymptotic esti- 
mate: 

4+r (»->-«)• (25.H) 

z 0 

One result that follows from (25.11) is 

lim ■ - c - n — z 0 . □ 

n-+oo c n+i 

Finally, we will formulate a result known as 

oo 

Pringsheim’s theorem If the radius of convergence of 2 c n zU is 

71=0 

1 and if Re c n ^ 0 for all n' s, the point z = 1 is singular for the sum 
of the series . 


13-01641 



194 


Multiple- Valued Analytic Functions 


26 Singular Points of Analytic Functions. 

The Concept of a Riemann Surface 

26.1 Branches of analytic functions. Singular points An ana- 
lytic function, by definition, is the set of all elements obtained from 
a certain element by the process of analytic continuation. This set is 
connected in the sense that any two elements of the analytic func- 
tion can be obtained through analytically continuing one of the el- 
ements along a certain curve. 

We introduce the concept of a singular point of an analytic func- 
tion in the following manner. In Sec. 25 we introduced the concept 
of a singular boundary point for a regular function. Since an ana- 
lytic function consists of elements (regular functions), we say that z 0 is 
a singular point of an analytic function if it is a singular boundary 
point of an element of this function. 

This idea is rather complex and will not be employed in what follows 
in such a general form. An important type of singular points is the 
isolated singular point of an analytic function. 

We start by introducing the concept of a branch of an analytic 
function. Suppose we have fixed an element f (z) at a point z 0 . If we 
continue f (z) analytically along all the curves that start at z 0 and for 
which such continuation is possible, the resulting set of elements 
forms an analytic function F (z). But if we continue / (z) analytically 
only along some of the curves for which such continuation is possible, 
we arrive at a branch F 0 (z) of the analytic function F (z). 

In other words, a connected subset of elements of an analytic 
function is said to be a branch of this function. 

A branch of an analytic function may be a multiple-valued func- 
tion of z . A single-valued branch of an analytic function is a regular 
function. Such branches were considered in Sec. 24; here we consider 
multiple-valued branches of analytic functions. 

An example of a branch of an analytic function is a function that 
is analytic in a domain D. Let us recall this notion (Sec. 20). Sup- 
pose D is a domain in the extended complex plane and / (z) is an ele- 
ment at point z 0 £ D that can be continued analytically along any 
curve lying in D. The set of elements obtained as a result of all such 
continuations is called a function F (z) analytic in D. 

Definition 1. Suppose a function F (z) is analytic in a punctured 
neighborhood of point a but is not regular at point a . Then point a is 
said to be an isolated singular point of F (z). 

This function, F (z), is generally a branch of an analytic function 
G (z). If point a is a singularity for a branch of an analytic function, 
it is a singularity for the analytic function, too. 

If a is an isolated singularity for a branch F (z), it is a pole or an 
essential singularity or a branch point. 

Example 1. Let K be the annulus 0 < | z | < r and point z 0 6 K. 
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We fix the element / (z) of In z at point z 0 and continue it analyt- 
ically along all the curves lying in K . Then we arrive at a function 
F 0 (z) that is analytic in K and is a branch of the analytic func- 
tion In z . 

Similarly, knowing the element g (z) of Y z fixed at a point z 0 6 K* 
we can build a branch G 0 (z) of this function that is analytic in K. □ 
Two analytic functions, according to the definition given in Sec. 20, 
are equal if and only if their initial elements are equivalent. For bran- 
ches another definition of equality proves to be more convenient. 
Precisely, two branches of an analytic function are, by definition, 
equal if they consist of the same elements. 

For this viewpoint, in Example 1 there is exactly one branch of 
In z that is analytic in the annulus K (the situation is the same 

for Y z anc * z<x )* 

Example 2 . Point z — 0 is a logarithmic branch point for the 
branch F 0 (z) of the logarithm (see Example 1). The same point is 
a branch point of multiplicity n for the branch G 0 (z) of the function 
Yz (see Example 1). □ 

A point in the complex plane may be a singular point for some 
branches of an analytic function and a regular point for the other 
branches of the function. 

Example 3. Let us take the function F(z) = By the 

monodromyj theorem, in a neighborhood of point z = 1 the func- 
tion Y z splits into two regular branches, / x (z) and / 2 (z). We put f ± (1)=f 
+ 1 and / 2 (1) = — 1. In the same neighborhood the function 
F (z) splits into two single-valued branches 

Fj(z) = jd £r l , 7 = 1. 2. 

The branch F t (z) has a simple pole at point z = 1 , while the branch 
F 2 (z) is regular at point z = 1 because 1 -f / 2 (1) = 0. □ 

Example 4. In the complex z plane with a cut along the segment 
[— 1, 1] the analytic function F (z) = z + V z 2 — 1 splits into two 
branches, f 0 (z) and f x (z) (see Example 9 in Sec. 24). We put f 0 (2) = 
2 + y<T and (2) = 2 - VW. Then 

/ 0 (z) ~ 2z, fi (z) (z -v oo) 

(see Example 26 in Sec. 24). Hence, the point z = oo is a first order 
pole for the branch / 0 (z) and a first order zero for the branch f x (z). □ 
Below we will show (see Example 12) that the points z = ±1 
are branch points of multiplicity 2 for the function F (z) of Exam- 
ple 4. 


13 * 
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In many cases we can establish the nature of branch points by 
employing 

Theorem 1 Suppose a function F ( z ) is analytic in a punctured 
neighborhood U of a point z = a, another function f (z) 0 in this 

neighborhood , and point a is a branch point of multiplicity n for F (z) 
(i here n ^ oo). Then point a is a branch point of multiplicity n of each 
of the following functions (analytic in U): 

f(z)+F(z), f(z)F(z), J$L 

(in the last case we must be sure that F (z) is nonzero for z £ U). 

Proof . Let us consider the function G (z) = f (z) + F (z) (which 
is analytic in U ). We fix a point z 0 6 U. Then, by hypothesis, there 
are exactly n different elements f x (z), . . ., f n (z) of F (z) at this point. 
Hence, there are exactly n different elements / (z) + f 1 (z), . . 

/ ( 2 ) + fn ( z ) of G (z) at this point, too, so that point a is a branch 
point of multiplicity n. The situation with / (z) F (z) and / (z)/F (z) 
can be shown to be the same quite similarly. The proof of the theo- 
rem is complete. 

Example 5. Point z = 0 is a branch point of multiplicity 2 for 
each of the following functions: l/Y z, z\f z, z -j-'j/'z, 1/(1 -}-]^z), 
and Y z sin z (these functions are analytic in a punctiured neighbor- 
hood of point z = 0). The functions Y % + sin z, e z Yz, 1/l^z, and 
1/(1 -f Y z) are analytic in a punctured neighborhood of point z = 
oo, which is a branch point of multiplicity 2 for these functions. □ 

Example 6. The points 0 and oo are branch points of multiplicity n 
for the analytic functions 

~nf = ~ 9 Vz + e z , - n - , Y^zsinz. □ 

y z 1 +y z 


Example 7 . The points 0 and oo are logarithmic branch points for 
the analytic functions 


z + In z, 


in z 

7=r 9 


_i 

In z ? 


1 

lnz + 1 ’ 


^ Z lnz. □ 


Example S. Suppose that / (z) ^ 0 and is regular in a punctured 
neighborhood of a point z = a. Then this point is a branch point of 
multiplicity n for each of the following functions: 

y— t *+f(z), yi^f(z), y==-. 


and a branch point of infinite multiplicity for each of the following 
functions: 

f(z) 

In (z — a) 


In (z — a) +/ (z), f(z) In (z — a), 
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where all functions are analytic in a punctured neighborhood of 
point a. □ 

Example 9. Let us study the singular points of the function 
F (z) = 1/(1 -f Y z). This function is analytic in the extended com- 
plex plane with points 0, 1, and oo deleted. 

Points 0 and oo are branch points of multiplicity 2 (see Example 5), 
In a small neighborhood U of point z = 1 the function ]/ z splits 
into two regular branches, (z) and / 2 ( z ) (according to the mono- 
dromy theorem); we put f x (1) = 1 and / 2 (1) = — 1. Corresonding- 
ly, the function F (z) splits into two branches Fj (z) = 1/(1 + fj (z)), 
7 = 1, 2, at z 6 U. The branch F x (z) is regular at point z = 1, 
while the branch F 2 (z) has a pole at this point since (see formu- 
la (22.12)) 

1 + M*) = 1 + /! + (*— 1) =l + (-l)(l + -^r L +...) 


in a neighborhood of point z = 1. □ 

Example 10. Let us study the singular points of the function 

F (z) = f which is analytic in the extended complex plane with 

points 0, 1, and oo deleted. The points 0 and oo are logarithmic branch 
points (see Example 7). In a small neighborhood of point z = 1 the 
function In z, according to the monodromy theorem, splits into 
regular functions f k (z), k = 0, ±1, ±2, . . .; we put f h (1) = 

2nik. Point z = 1 is a simple pole for the branches F h (z) = 

fh (z)/(z — 1), k=j^ 0, and a point of regularity for the branch F 0 (z). □ 

26.2 Combinations of the root, the logarithm, and regular func- 

tions (the {singular points) Suppose a function / (z) is regular and 
nonzero in a domain D. Let us study the function 

F (z) = In / (z), F (z 0 ) = w 0 , (26.1) 

analytic in D (see Sec. 24), where z 0 6 D, and e w ° = / (z 0 ) (i.e. w 0 is 
one of the values of the logarithm). The values of F (z) at z £ D can 
be calculated via formula (24.1): 

F (z) = In | / (z) | + i [Im w 0 + A Y arg / (z)]. (26.2) 

Here curve y lies in D and connects points z 0 and z; the values of 

l : (z) depend not only on z but on curve y as well. 

Similarly, we can consider the function 

G(z) = V fjz), G (z 0 ) = ^ 0 = poe*., (26.3) 

analytic in D t where z 0 £ Z>, and = / (z 0 ). The values of this 



198 Multiple-Valued Analytic Functions 


function at z £ D can be calculated via the formula 

G(z) = | Vflz) | e t ( <P0+ '" <P ), <p = A v arg/(z), (26.4) 

For one, if / (z) =£ 0 is regular at point a or has a pole at the 
point, the functions In f (z) and \/~ f (z) are analytic in a punctured 
neighborhood of point a. 

We recall an important property of In / (z) and n \f f (z): to fix an 
element at a point z 0 we must only fix its value at this point. 

Theorem 2 Suppose a function f (z) =#= 0 is either regular at a point 
a and f (a) = 0 or has a pole at this point. Then 

(1) point a is a logarithmic branch point for In / (z); 

(2) if point a is a simple zero or a simple pole for f (z), it is a branch 
point of multiplicity n for n )f f (z). 

Proof . If D is a small punctured neighborhood of point a, then 

/ (z) = (z — a) m h (z), z 6 D, 

where m =£ 0 is an integer, and h (z) is regular and nonzero in D x = 
D U {a} (see Secs. 12 and 18). Suppose y is a simple closed curve 
that starts at z 0 , lies in D, has point a in its interior, and is oriented 
in the positive sense. Then 

A y arg / (z) = mA y arg (z — a) + A v arg h (z) = 2 ji//i, 
since A v arg h (z) = 0. Indeed, 

A v arg h (z) = j d arg h (z) = Im j dz = 0, 

v v 

since the function h' (z)/h (z) is regular in the simply connected do- 
main D ± . Hence, 

A yh arg / (z) = 2nkm, 

where y h = yy. . . y ( k times). Since any closed curve that starts at z 0 
and lies in D is homotopic to y h (k is an integer), we conclude that 
all values of F (z) = In / (z) and G (z) = 1 V f (z) at point z 0 are given 
by the following formulas: 


F h (z 0 ) = In | / (z 0 ) | +i[Im^ 0 + 2knm] y 
G h (*o) = I VTJzo) I e 1 ( <Po+ ir 2llftm ) t 


(26.5) 


k = 0, ±1, ±2, . . .. Hence, F (z) is an infinite-valued function 
in D, so that a is a logarithmic branch point for F (z). 

Let m = ±1. Then at point z 0 there are exactly n values G h (z 0 ), 
0^ k^ n — - 1, of the function G (z), i.e. there are exactly n dif- 
ferent elements at this point. 

Here is another proof of the same theorem. For z £ D the fol- 
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lowing formulas are valid (see Sec. 24.2): 

In / (z) = /7i In (z — a) + \nh ( 2 ), V f ( z ) = V (z — a) m V~ h ( z ) , 

where In h (z) and Y h (z) are branches that are regular in D U {#}• 
Then we need only use Theorem 1. 

Example 11. Suppose R (z) is a rational function. Then its zeros 
and poles (and only these points) are the singular points of F (z) = 
In R (z), F (z 0 ) = w 0 (e w <> = R (z 0 ), and z 0 is neither a zero nor 
a pole of R (z)), which is analytic in the extended complex plane 
punctured at the above-mentioned points. All are logarithmic 
branch points. □ 

Example 12. Suppose R (z) is a rational function that has only 
simple zeros and poles. All these points are the branch points of 
multiplicity n of the function Y R ( z )• □ 

Example 13. Suppose f (z) = z m h (z), where h (z) is regular and 
nonzero in the circle D: | z | < r, with m ^ 0 an integer. Then the 
function 

F (z)=Vf (z) , F (z Q ) = w 0 , z 0 =£ 0, 

is analytic in the annulus K: 0 < | z | < r. Let us investigate the 
nature of the singular point z = 0. 

Let y be a positively oriented circle | z | = | z 0 | starting at 
point z 0 . After k traversals of y, 

F (z 0 ) F h (z 0 ), F h (z 0 ) = w 0 e i2l,km/n , (26.6) 

by virtue of (26.4), since A v arg / (z) = mA y arg z + A v arg h (z) = 
2 nm. 

(a) Suppose m and n are coprime numbers. Then F (z) has at point 
z 0 exactly n different values, and point 0 is a branch point of multi- 
plicity n for F (z). 

(b) Suppose d is the greatest common divisor of m and n, i.e. m = 
f)d and n = qd, where p and q are coprime numbers, q^ 1. Then 
among the numbers F h (z 0 ), k = 0, ±1, . . ., there are exactly q differ- 
ent numbers. If q ^ 2, point z = 0 is a branch point of multiplic- 
ity q. But if (7 = 1, i.e. m can be divided by n, point z = 0 is not 
a branch point. 

For instance, points 0 and 1 are branch points of multiplicity 3 
for the function \/~z 2 l(z — 1). n 

Here is a more complex example. But first we note the following. 
Let U be a punctured neighborhood of point a and let all the ele- 
ments of an analytic function F (z) given at various points of U 
allow for analyticcontinuation along all curves lying in U. Then the 
function splits in U into analytic branches, i.e. functions analytic 
in U. Indeed, we take a point z 0 £ U and an element / 0 (z) at this 
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point, and continue the latter analytically along all the curves 
in U . We then arrive at a function F 0 ( z ) that is analytic in U and 
is a branch of F (z). If at point z 0 there exists an element / x (z) (of 
function F (z)) that is not an element of branch F 0 (z), then f x (z) 
generates in U another branch F 1 (z), and so on. 

In the examples we considered earlier the analytic function F (z) 
either split in U into regular branch or consisted of only one branch. 
Here is an example of a function of another type. 

Example 14. We study the singular points of the function 


F (z) = In 


l— yT 
l+VT ' 


This is a composite function F (z) = H (G (z)) consisting of the 
following functions: 

G (z) = , H (w) = In w 

w i+yT v 9 

We fix the initial element g (z) of G (z) at, say, point z = 4: g (4) = 
—1/3, i.e. 1 f z | z=4 = 2. Let D be the extended complex plane 
with points 0, 1, and oo deleted. Then G (z) is analytic in D and 
does not assume the values 0 and oo. At w = — 1/3 we fix the ele- 
ment h (w) of the function H (w) = In w; let h (—1/3) = —In 3 + 
ju. Then, by Theorem 2 of Sec. 22, the function F (z) = H (G (z)), 
generated by the element h (g (z)), is analytic in D. 

(a) z = 1. Let us show that in a small punctured neighborhood K : 
0^ | z — 1 \ <Z r of point z = 1 the function F (z) splits into two 
analytic branches F lt2 (z), with F 2 (z) = —F 1 (z) and for each of 
these branches point z = 1 is a logarithimc branchpoint. Indeed, 

the function (p (z) = |/z in the circle K\ | z — 1 | <r splits, accord- 
ing ( j to the monodromy theorem, into two regular branches cp/z), 
7 = 1,2, with (p 2 (1) = 1 and (p 2 (z) = — (p i (z). Correspondingly, 
the function G (z) splits in K into two regular branches 


Gj (z) 


1 — Wj (z) 

1 + 9 / (*) ’ 


7 = 1 , 2 ; 


G z {z) 


1 

G, (2) 


By Taylor’s formula, cp t (z) = 1 + — y— + • • • , so that 


Gi(z) j(z-l), G 2 (z) ~ (z >■ 1) . 

Hence, the branch G 1 (z) has at z = 1 a simple zero, while the branch 
G 2 (z) has a simple pole at this point. The function F (z) splits in K 
into two analytic branches F j (z) = In Gj(z), j = 1,2, with F , (z) - 
— (z), and point z = 1 is a logarithmic branch point for 
Fi t2 (z) (Theorem 2). 
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(b) z = 0. Let us show that in a small annulus K: 0 <C | z | < r 
the function F (z) splits into a countable set of branches, for each 
of which the point z = 0 is a branch point of multiplicity 2. 

The function G (£) = In 1 | in a small neighborhood V of 

point £ = 0 splits into regular branches G h (£), k — 0, ± 1, . .. 

. .., with G h (0) = 2kni. Hence, each F h (z) = G k (Y z) is analytic 
in a punctured neighborhood of point 2 = 0. For | £ | small we 
have 

G k (Z) = 2kni-2Z + 0(?) y 
so that for | z | small we have 


F h (z) = 2kni — 2 ]/~ z -j- O (z ) . 


Hence, F h {z) is a double-valued function and z = 0 is a branch 
point of multiplicity 2 for this function. 

(c) z = oo. The function F (z) in a neighborhood of this point has 
the same structure as in a neighborhood of point z = 0. Indeed, 
substitution of 1 /£ for z yields 


F (£)= F (z) = In 


Yl - 1 
YZ + 1 ’ 


where £ lies in a neighborhood of point £ = 0. □ 

Example 15. Let us study the singular points of the function 

F(z) = Vz + YT+T. 


This function is the sum of two analytic functions, G (z) = Y z 
and H (z) = Y z + 1- We will fix their initial elements g (z) and 

h (z) at point 2 = 1, i.e. Y 2 lz=i = 1 and Y z -)- 1 | z=1 = Y 2 >0. 
The function F (z) is analytic in the extended complex plane punc- 
tured at points — 1,0, and oo. 

(a) z = 0. Let us show that in a small punctured neighborhood K x : 

0< | z | < r of point z = 0 the function F(z) splits into two analyt- 
ic branches, F x (z) and F 2 (z), for each of which point z = 0 is 
a branc h point of multiplicity 3. Indeed, the function H (z) = 
Yz - j- 1 splits, according to the monodromy theorem,! into two 
regular branches, H 1 (z) and H 2 (z) = — (z). For this reason 

F (z) splits in into two analytic branches: 

F x (z) = G (z) + (z), F 2 (z) = G (z) + H 2 (z), 

for each of which z = 0 is a branch point of multiplicity 3 (see Exam- 
ple 8). 

(b) z = —1. In a small punctured neighborhood K 2 : 0 < | z + 
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+ 1 | < r the function F (z) splits into three analytic branches, 
for each of which point z = — 1 is a branch point of multiplicity 2. 
Indeed, by the monodromy theorem, G ( z ) splits in K 2 i nto three reg- 
ular branches, G ± (z), G 2 ( z ) == e 2ni l 3 G 1 (z), and G 3 (z) = e k7li ! 3 G 1 (z), 
so that F (z) splits into three regular branches Gj (z) + H (z), 
j = 1, 2, 3. 

(c) z = oo. Let us show that z = oo is a branch point of multi- 
plicity 6 for F (z). Suppose y is a simple closed curve whose initial 
and terminal points are at z = 1 and whose interior contains points 
z = 0 and z = — 1. As y is traversed in the positive sense, 

A y arg z = A y arg (z + 1) = 2n. 

The initial value of F (z) at point z = 1 is F (1) = 1 -f |^2. After A 
traversals of y we have the following values of F (1): 

A = 1: F( i) = e 2 *W — V2, 

N = 2: F(l) = e 4jTi / 3 +]/ r 2, 

A = 3: F(l) = l — V2, 

A = 4: F(l) = ^i/3 + ^2, 

A = 5: F (1) = e 4jt V3 — ]/ , 2. 

At A = 6 we again have F (1) = 1 +1^2. 

Hence, F (z) is a six-valued function. This fact can be established 
in a different manner, namely, we will show that the function w = 
F (z) satisfies an algebraic equation of the sixth degree. Raising 
both sides of the identity w — z +1 = ^ z to the third power, we 
find that 

w 3 + 3w (z + 1) — z = Y z + 1 (3 w 2 -f z -f 1). 

After we square both sides of the latter identity, we find that 
P (Wj z) = w 6 — 3 (z +1 ) w 4 — 2zi^ 3 -f 3 (z -f- l) 2 w 2 

— 6z (z -f-1 ) w — z 3 — 2z 2 — 3z — 1 =0. 

For each fixed value of z this equation has six roots; it can also be 
shown that the roots are different if z 0 and z =^= — 1. □ 

26.3 The structure of an analytic function in the neighborhood 
of an algebraic branch point In any neighborhood of an algebraic 
branch point a =^= oo we can always expand an analytic function 
in a series in fractional powers of z — a. 

Theorem 3 Let a function F (z) be analytic in an annulus K: 
0 < | z — a | < r and let point a be a branch point of multiplicity 
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n < oo. Then 

F (z) = S c ft ( Z -a) ft / n , (26.7) 

k=- oo 

where the series is convergent in K. 

Proof . Take the function ® (£) = F (a + £ n ). It is analytic in 

the annulus K: 0 < | £ | < V r - If we show that O (£) is single- 

valued in K , we will have proved that <D (£) is regular in K and, 
by Theorem 1 of Sec. 17, can be expanded in a Laurent series, 

<t>(P= S c k %\ (26.8) 

ft=-oo 

that is convergent in K. 

Let us take the circle y: | £ | = p, where 0 < p < j^r, that starts at 
point p. When point £ traverses y in the positive sense one full cir- 
cuit, point z = a -j- £ n traverses the circle y: | z — a | = p n in the 
positive sense n times. Let f 0 (z) be the element of F (z) at point z 0 = 
a -f p n . Since point a is branch point of multiplicity n for F (z), 

we conclude that f Q (z)-+ f 0 ( z ) after n traversals of y. Hence (p 0 (£)-»- 
<p 0 (£) after one traversal of y, where (p 0 (?) = /o ( a + £ n ) the 

/v 

element of O (£) at point £ 0 = p, and O (£) is regular in K. Since 
£ n = z — a, we find that (26.8) leads to (26.7). The proof of the 
theorem is complete. 

Corollary Suppose point z = oo is a branch point of multiplicity 
n < oo for an analytic function F (z). Then 

F (z) = S c h z h l\ (26.9) 

h =- oo 

where the series is convergent in an annulus R < | z \ <C oo. 

To prove this proposition we only need to note that point £ = 0 
is a branch point of multiplicity n for the function F ( l/£) and 
then employ Theorem 3. 

Series of the type (26.7) and (26.9) are called Puiseux ’ series . 

26,4 The concept of a Riemann surface An analytic function 
is not a function in the common sense, since one value of the indepen- 
dent variable z may have several (or even a countable number of) 
values corresponding to it. To be able to interpret an analytic func- 
tion F (z) as a function in the ordinary sense, we relate F (z) to a sur- 
face R on which F (z) is single-valued. The surface is called the 
Riemann surface for the analytic function F (z). Here is the definition 
of a Riemann surface. 

We study an analytic function F (z). A pair P 0 = (z 0 , f 0 (z)), 
where / 0 (z) is an element of F (z) at point z 0 , is called a point on the 
Riemann surface R (for function F (z)). We will assume that two 
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pairs, ( z 0 , f 0 (z)) and (z 0 , f x (z)), define the same point on a Riemann 
surface if the elements f 0 (z) and f x (z) are equivalent. The point z 0 
is said to be the projection of point P 0 = (z 0 , / 0 (z)) on the Riemann 
surface onto the complex z plane: 

(*0. fo ( Z )) “► z o ■ 

The set of the points P = (£, f 0 (z)) for which | £ — z 0 | <C e, with 
e >0 such that / 0 (z) is regular in the circle | z — z 0 | <C e, is called 
a U ^neighborhood of point P 0 (z 0 , f 0 (z)). The circle | z — z 0 | < e 
is the projection of the £/ e -neighborhood onto the complex z plane. 

Remark 1. The reader can use Evgrafov [1], Springer [1], and 
Shabat [1J to find a comprehensive coverage of the theory of Riemann 
surfaces and to attain a deeper understanding of this concept. A Rie- 
mann surface is connected, since any two elements of an analytic 
function can be obtained by continuing one element analytically into 
the other. 

A Riemann surface can be graphically illustrated by a surface in 
three-dimensional space. In Secs. 21 and 22 we constructed the 
Riemann surfaces for In z and Y z. 

Remark 2. Using the concept of a Riemann surface, we can graph- 
ically interpret the concept of a branch of an analytic function. 
Preciselly, a branch corresponds to a connected part of the Riemann 
surface (the converse is also true). The proposition that a function 
F (z) splits in D into m analytic branches means, in terms of a Rie- 
mann surface, that the part of R that is projected onto D consists of 
m connected parts. 

Another concept can be related to an analytic function, the graph 
of this function. Since a function w = F (z) assumes complex values, 
its graph lies in a four-dimensional space (z, w ), with z and w com- 
plex numbers. The graph of an analytic function F (z) is the set of 
all pairs (z, F (z)), where F (z) stands for all the values of F (z) 
at point z. Generally speaking, this graph is a two-dimensional 
surface in four-dimensional space (z, w). There can be no self-inter- 
sections of this surface along “curves”, according to the uniqueness 
theorem. However, at isolated points the various parts of the surface 
may get pasted together. For instance, if F (z) = (z — 1) In z, then 
at the point with coordinates z = 1 and w = 0 there is an infinite 
number of parts of the graph of this function that are pasted together. 

27 Analytic Theory of Linear Second-Order Ordinary 
Differential Equations 

27.1 Equations with regular coefficients Many problems of 
mathematical physics lead to linear second-order ordinary differ- 
ential equations of the type 

y" + P (x) y' + q (x) y = 0. 
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The coefficients p (x) and q (x) may be analytic functions, and in the 
majority of cases they are even rational functions. It is therefore 
natural to study the solutions of the equation of the type 

w" (z) + p (z) w' (z) + q (z) w (z) = 0 (27.1) 

from the viewpoint of the theory of analytic functions. Such an 
approach or, as it is usually called, the complex variable approach, 
enables us to employ the powerful tools of the theory of analytic 
functions and obtain important results concerning the structure of 
the solutions of Eq. (27.1). Precisely, it has been found that if p ( 2 ) 
and q (z) are rational functions, then any solution of Eq. (27.1) is a 
function that is analytic in the entire complex plane except, per- 
haps, at the poles of the coefficients p (z) and q (z). These poles, as a 
rule, are the singularities of all the solutions of Eq. (27.1), namely, 
branch points. Moreover, it is possible to study the structure of the 
solutions in the neighborhood of these singular points. 

This section is devoted to the study of Eq. (27.1) with coefficients 
p (z) and q(z) that are regular in a domain D of the complex z plane. 
The Cauchy problem is formulated in the following terms: Given 
two complex numbers w 0 and find the solution of Eq. (27.1) for 
which 

w (z 0 ) = w 0J w (z 0 ) = w 19 (27.2) 

where z 0 £ D. 

Theorem 1 Suppose the coefficients p (z) and q (z) of Eq. (27.1) are 
regular in the circle K: \ z — z 0 | < R. Then the Cauchy problem (27.1), 
(27.2) has a solution w (z) that is regular in K. 

The proof can be found in Smirnov [1] and Whittaker and Wat- 
son [1]. 

Let us see how one can find the solution w (z) of the Cauchy prob- 
lem (27.1), (27.2) by employing Theorem 1. The solution is expand- 
ed in a power series that is convergent in K : 

W(z)= fj w n (z-z 0 ) n . (27.3) 

71=0 

The Cauchy data give the first two expansion coefficients: 
w 0 = w (z 0 ), w x = w ' (z 0 ). 

By the hypothesis of Theorem 1, the functions p {z) and q (z) can 
also be expanded in Taylor series: 

p(z)='Z p n (z—z 0 ) n , q(z)= S q n (z — z 0 ) n , (27.4) 

71=0 71=0 

which converge in K , too. 

Then we substitute (27.3) and (27.4) and the series for w f and w" 
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into Eq. (27.1). This yields a Taylor series 2 c n ( z — z 0 ) n that is 

77 — 0 

identically equal to zero in K. Whence c n = 0 f or all n — 0 , 1 , 2 , . . . . 
This gives us the recurrence relations for w 21 w 3 , .... 

Here are the actual formulas, with z 0 = 0 (for the sake of simplic- 
ity). We have 

w" + p (z) w' -f q (z) u? 


oo oo oo oo oo 

= 2 n(n — 1) w n z n ~ z 2 nw n z n -‘ 2 p m z m + 2 ^nz” 2 Q m z m 

77=2 77=1 771=0 71=0 771=0 

oo 

= 2 c n z n = 0. 

77=0 

The equation c„ = 0 has the form 
(n + 2)(re+l) w n+2 

77+1 71 

= — 2 kp n - Jk+l^fe— 2 gn-ftW’ft. « = 0, 1, 2, . . . . (27.5) 

ft=l h=0 


The coefficient w n+2 is expressed in terms of w 0 , w lt ...» w n+1 . 
Since w 0 and w 1 are known, Eq. (27.5) makes it possible to find suc- 
cessively w 2 , w 3 , .... 

Example 1. Consider the equation 

w " — zw = 0. (27.6) 


This is Airy's differential equation. Here p (z) = 0 and q (z) = — z, 
so that the coefficients of the equation are regular in the entire com- 
plex plane. By Theorem 1 , every solution of Airy’s differential equa- 
tion is an entire function. 

Let us solve Eq. (27.6). Equation (27.5) in the case at hand has the 
form 

(n + 2) (n + 1) w n+2 = w n . lt \ n = 1,2,.... 

In fact, w 2 = 0, which implies that w 5 = w s = . . . = w 2+3k = 

. . . = 0. We also find that 


^377 


Wo 

(2x3) (5X6) ... [(3n — 1) X 3m] ’ 


_ w i 

W 3n+i — (3x4) (6X7) ... [3a(3n + l)] * 

Suppose w x (z) is the solution with the Cauchy data w 1 (0) = 1 and 
w j (0) = 0, and w 2 (z) is the solution with the Cauchy data w 2 (0) = 
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(0) = 1. 

Then 

I z * A 

I z6 

1 2x3 ^ 

r (2x3) (5X6) 


+ • • • + 

1 - 1 

Z? 

1 3X4 n 

r (3X4) (6x7) 


(2x3) (5x6) ... [(3m — 1) X 3m] 


+ • 


+ • . < 


2 3n+l 


(3X4) (0x7) ... [3 m (3m + 1)1 


Each solution of Airy’s equation is a linear combination of solu- 
tions w x (z) and w 2 (z), For instance, the solution 

A : ( „\ ^1 (g) ^2 (*) 

JW \Z) # o \ / 1 \ 

wr ( T ) 3W( t ) 

is called the Airy function , □ 

Example 2. The equation 

w" -f- (a -f b cos z) w = 0, 

where a and b are constants, is known as Mathieu's differential equa- 
tion , According to Theorem 1, each solution of Mathieu’s differen- 
tial equation is an entire function. □ 

Example 3 . Every solution of Weber's differential equation 

w" ( z ) — (z 2 — a 2 ) w (z) — 0 

{a is constant) is an entire function. □ 

In Theorem 1 we assumed that the coefficients of the equation are 
regular in the circle K , Using the concept of analytic continuation, 
we can prove the analog of Theorem 1 for the case where the coeffi- 
cients of Eq. (27.1) are regular in a simply connected domain. 

Theorem 2 (the theorem of existence and uniqueness) Let the 
coefficients p (z) and q (z) of Eq, (27.1) be regular in a simply connected 
domain D and let point z 0 belong to D. Then 

(1) there exists a solution w (z) of the Cauchy problem (27.1), (27.2) 
that is regular in D : 

(2) this solution is unique , i.e. if w 1 (z) and w 2 (z) are the solutions 
of the Cauchy problem (27.1), (27.2) that are regular inD , then w 1 (z) = 
w 2 (z) in D . 

Proof, We start with the uniqueness of the solution w (z) of the 
Cauchy problem (27.1), (27.2) that is regular in D, By hypothesis, 

w (z 0 ) = w 0 , w f (z 0 ) = w ± . 

Equation (27.1) then yields the value w" (z 0 ) = — p ( z 0 ) w 4 — 
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— q (z 0 ) w 0 . Differentiating Eq. (27.1) once, we obtain 
W'" = — (p (z) w'Y — (q ( z ) wy 


which yields w'" (z 0 ). Differentiating this equation over and over, 
we can find w^(z 0 ), w( b \z 0 ), etc. Hence, the Cauchy data uniquely 
determine all the derivatives w( n > (z 0 ), which proves the uniqueness 
of the solution. 

Let us now prove that such a solution indeed exists. By Theorem 1, 
there exists a solution w 0 (z) of the Cauchy problem (27.1), (27.2) 
that is regular in the circle K: | z— ■ z 0 | < /?, where R is the distance 
between point z 0 and the boundary of D. We have thus fixed an 
element w 0 (z) at point z 0 . Let us show that this element allows for 
an analytic continuation along any curve y that lies in/) and starts at 
z 0 . Suppose p is the distance between y and the boundary of /), 
p >0. We cover y by a finite sequence of circles K 0 , K v . . ., K n 
of radius p. The centers of the circles Kj form an ordered sequence of 
points z 0 , . . ., z n on y (z n is the terminal point of y), and the center 
Zj of Kj lies in the circle Kj- V j = 1, 2, . . ., n. 

At point z x we fix the Cauchy data, which coincide with the value 
w 0 (z) of the solution and its derivative, i.e. 

/V /V 

w (%) = w 0 , w' (z,) = w lt 

<V 

where w 0 = iv 0 (z x ) and iv i = w' 0 (zj). By Theorem 1, this problem has 
a solution w i (z) that is regular in K t . The above-proved then yields 

w i (z) = w 0 (z), z £ K 0 f) K x . 

Similarly, there is a solution w 2 (z) of the Cauchy problem 
w (z 2 ) = w y (z 2 ), w (z 2 ) = w\ (z 2 ), 

that is regular in the circle K 2 , and this solution coincides with 
Wy (z) for z 6 K 1 D K 2 . This process can be continued, and we find 
that the element w 0 (z) is continued analytically along the sequence 
of circles K 01 . . ., K n ; all the elements w 0 (z), . . ., w n (z) are solu- 
tions of Eq. (27.1). 

Thus, the element w 0 (z) generates a function w (z) that is analytic 
in D and all elements of which satisfy Eq. (27.1). Since/) is a simply 
connected domain, we can conclude from the monodromy theorem that 
w (z) is regular in D. The proof of the theorem is complete. 

Theorem 2 yields 

Theorem 3 Suppose the coefficients p (z) and q (z) of Eq. (27.1) 
are regular in a domain D. Then every solution of Eq. (27.1) is an 
analytic function in D. 

If D is a multiply connected domain, the solution of Eq. (27.1) 
may be a multiple-valued analytic function. 
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Example 4 . Consider Euler's differential equation 

w" + ±w' + ±-w = 0, (27.7) 

where a and 6 are constants. The coefficients of Euler’s equation are 
regular in the complex z plane with point z = 0 deleted. 

We wish to find the particular solution of Eq. (27.7) in the form 
w = z*. Substituting this solution into Eq. (27.7) and dividing it by 
z x “ 2 , we arrive at a solution for X: 

X (X — 1) + aX + b = 0. (27.8) 

If the roots X t and X 2 of this equation are different, the functions 
w i (z) = and w 2 ( z ) = z^> form a fundamental system of solu- 
tions for Euler’s equation. But if the roots coincide, i.e. X t = X 2 = X , 
or (a — l) 2 — 46 = 0, Eq. (27.7) has a solution w x (z) = z* and, in 
addition, a solution w 2 (. z ) = z x In z; this pair of solutions forms the 
fundamental system of solutions of Eq. (27.7). 

Let us study the behavior of Eq. (27.1) in the neighborhood of 
the point at infinity. Introducing the change of the variable z = l/£ 
and assuming that cp (£) = w (l/£), we arrive at the equation 

% + (|— F p ({)) ({) <p = 0 * (27 - 9) 

Every solution of Eq. (27.9) is regular at point £ = 0 if the functions 
2£ -1 — £" 2 p (l/£) and (l/£) are regular at point £ = 0. Hence, 
every solution of Eq. (27.1) is regular at point z = o o if the functions 
2 z — z 2 p (z) and z*q (z) are regular at this point. 

27.2 Singular points of an equation The singular points of 
the coefficients of Eq. (27.1) are called the singular points of this 
equation. As a rule, the singular points of an equation are singular 
points for all the solutions of this equation. For instance, the point 
z =■ 0 is a singular point for Euler’s equation (27.7). If the roots 
X { and X 2 of Eq. (27.8) are different, then a solution of Euler’s equa- 
tion has the form w (z) = C x z^ -f C 2 z x ", where C i and C 2 are 
constants. If the numbers X i and X 2 are real and nonintegers or if 
Im X t =£=■ 0 and Im X 2 0, then point z — 0 is a singular point for 
every solution of Euler’s equation (the only exception is the trivial 
solution w (z) = 0). 

We will now study the behavior of solutions of Eq. (27.1) in a neigh- 
borhood of a point z 0 that is a pole for at least one coefficient of the 
equation. We take an annulus K: 0 < | z — z 0 | < r where the func- 
tions p (z) and q (z) are regular and a point z 6 K. We study the solu- 
tions (z) and w 2 (z) with the Cauchy data 

(V ^ ^ 

w t (z) = a 0 , w\ (z) = a lt w 2 (z) = b 0 , w^{z) = b t . 


< 4-01841 


(27.10) 
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and select the numbers a } and bj such that 


A = 


a 0 

b 0 bi 


¥=0. 


Let U be a circle centered at point z and lying in K. By Theorem l t 
there are solutions in this circle, w\(z), w\(z), of the Cauchy problem 
(27.10) that are regular in U. The solutions are linearly independent 
since A =#= 0. Suppose w i (z) and w., (z) are the analytic functions gen- 


erated by the elements w\(z) and w% (z) given at point z. By theo- 
rem 3, the functions w 1 (z) and w 2 ( z ) are analytic in K and are solu- 
tions of Eq. (27.1), i.e. each of their elements satisfies Eq. (27.1). 

Let us take a closed curve y with the initial point at z and lying 
entirely in K and continue the elements w[(z) and w 2 ( 2 ) analytically 
along y. Then 


w\(z) w\(z) f wi(z) wb(z ), 


where w\(z) and w\{z) are regular functions in U. In addition, these 
functions are solutions of Eq. (27.1) for z £ U. Since the solutions 
w\ (z) and wl(z) are, by construction, linearly independent for 
2 £ U, there are constants c jk such that 

H’K 2 ) = C n u7$(z) + c i2 wl(z), w\{z) = C 2i w\(z) -f c iZ wl(z). (27. H) 

Let us consider the matrix 

c-( c " C,! V 

\ C 21 C 22 / 


and assume that X i and X 2 are its eigenvalues, i.e. the roots of the 
equation 




(27.12) 


Theorem 4 (1) If the roots and X 2 of Eq . (27.12) are different* 

then Eq . (27.1) has two solutions of the form 

w t ( z ) = (z — z 0 ) P*<p, (z), w 2 ( z ) = (z — z 0 )P’cp 2 (z), (27.13) 


where Xj = e 2ntp J ( j — 1, 2), and the functions <p, (z) and <p 2 (z) are 
regular in the annulus K. 

(2) If the roots of Eq . (27.12) are equal , i.e . = X 2 = h, then 

Eq. (27.1) has two solutions of the form 


Wl (z) = (z — z 0 )p <p t (z), 

w 2 (z) = (z — z 0 )Pcp 2 (z) -f- a (z — z 0 )P(p 1 (z) In (z — z 0 ). 


(27.14) 


Here X = e 2jti P, p is a constant , and the functions qp 4 (z) and (p 2 (z) are 
regular in K. 
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We recall that K is an annulus of the form 0 < | z — z 0 | < r 
and that the coefficients of Eq. (27.1) are regular in K. 

Proof. We introduce the following vector function in the form of 
a column vector: 



We can now write (27.11) in the form 

w 1 (z) = Cw° (z). (27.15) 

Suppose T is a nonsingular 2-by-2 matrix such that 

w° (z) = Tw° (z). (27.16) 

Then after traversal of y we have 

w° (z) w 1 (z) — Tw 1 (z), 

and (27.15) becomes 

w 1 (z) = TCT-'w 0 (z). (27.17) 

(1) Suppose the eigenvalues and X 2 of matrix C are different. 
Then there is a matrix T that diagonalizes C : 

Ai o\ 

rCT "- A =lo J- 

With such a choice of T we arrive at the following expression for 
(27.17): 

w\ (z)=K l w[ (z), wl(z) = l 2 w 0 i (z). (27.18). 

VVe select pj in such a way that e 2lti P« = and consider the function 

q> l (z) = (z — z 0 )- pl w° 1 (z). 

After we have traversed y, we have 

(z — z 0 )" Pl e~ Zni Pi (z — z 0 )’ Pl , 

so that 

<h(z) -*■ e 2ni Pi (z — z 0 ) -pl K wl(z) 

= I' 1 (Z --2 0 )" Pl ^1 (2 — 2o) Pl 9l (2) i= <Pl (2). 

Hence, the analytic function (p 4 ( z ) is single-valued and therefore is 
regular in K. This means that Eq. (27.1) has a solution 

w i (z) = (z — z 0 ) Pl <p 1 (z) 
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and, similarly, a solution 

w 2 (z) = (z — z 0 ) p2 cp 2 (z). 

This proves proposition (1) of Theorem 4. 

(2) Suppose = X 2 = X. Then there is a matrix T that reduces 
C either (a) to the Jordan normal form or (b) to the diagonal form. 
In the case (a) we have 

tct-=C), 


so that instead of (27.18) we have 

w\(z) = Xw\(z ), wl(z) = Xw^iz) -f w\{z). (27.19) 

For the solution w i (z) generated by the element w[ ( z ) we once more 
have the representation (27.13). Dividing the second equation in 
v(22. 19) by the first, we find that 

~l (z) . u>l(z) | 1 

w\ (z) w\ (z) ^ 

so that the function ip (z) — w K i(z)lwl(z) possesses the followin 
property: 

^(z) -► ^(z)+4 

as y is traversed. Hence (see Remark 2 in Sec. 21), the iunction 

^ (z ^ — 2 Kar ln (z - z„) = <f> 2 (z) 

is regular in annulus K , and for the solution w 2 (z) generated by the 

element w\(z) we have the representat on (27.14). 

In the case (b) we have 



so that (27.18) has the form 

w\ (z) =Xw[{z ) , w\ (z) = Xw° 2 (z) , 

while the solutions Wj (z) have the form Wj (z) = (z — z 0 )p cpy (z), 
7 = 1,2, with (p j (z) regular in K. The proof of the theorem is 
complete. 

Corollary 1 Suppose the coefficients of Eq. (27.1) are regular or have 
a pole at z = oo. Then Eq. (27.1) has either two solutions 

w i (z) = zPl<Pj (z), w 2 (z) = zp 2 <j > 2 (z) 


(27.20) 
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or two solutions 

w t (z) = z*> cp 4 (z), w 2 (z) = z<><p 2 (z) -f az^ x (z) In z, (27.21) 

where the functions cp x (z) and cp 2 (z) are regular in a punctured neigh- 
borhood of point z = o o. 

Indeed, the change of variable z = l/£ reduces Eq. (27.1) to 
Eq. (27.9); the coefficients of the latter are either regular or have 
a pole at £ = 0. 

27.3 Regular singular points Suppose z 0 is a pole or a point 
of regularity for the coefficients of Eq. (27.1). Then there are two 
possibilities: 

(a) point z 0 is a pole or a point of regularity for both functions 
cp 4 (z) and cp 2 (z) in (27.13) and (27.14); 

(b) point z 0 is an essential singularity for at least one function 
<Pi (z) or <p 2 (z). 

In the case (a) point z 0 is said to be a regular singular point for 
Eq. (27.1), while in the case (b) it is said to be an irregular singular 
point for Eq. (27.1). These definitions remain valid for point z 0 = oo. 

Regular singular points are the more simple singularities and are 
well documented, while the structure of solutions in a neighborhood 
of an irregular singular point is very complex and for this reason 
we will not consider such points here (the interested reader can 
refer to Smirnov [1]). 

Remark 1. Suppose z 0 is a regular singular point and w i (z) is a solu- 
tion of the type (27.13). Then cpj (z) = (z — z 0 ) m (p x (z), where m is 
an integer, and (p* (z) is regular and nonzero at point z 0 . Substituting 
Pi = pi + m for p lt we obtain 

Vi (*) = (* — Zo) Pl <Pi(z). 


Note that X x = 

Therefore, in the case o ia regular singular point we can assume 
that the functions (z) and <p 2 (z) are regular at point z 0 and that 
<f>t (z 0 ) ¥= o and (jp 2 ( z o) ¥= 0. 

The definition of a regular singular point we just gave is of an 
inderect nature, since it was formulated in terms of the properties of 
solutions rather than in terms of the properties of the coefficients. 
Let us show that knowing the properties of the coefficients enables 
us to determine whether a singular point of an equation is regular or 
irregular. For the sake of simplicity we assume the singular point 
to be z = 0. 

Lemma For point z = 0 to be a regular singular point or a point of 
regularity for Eq. (27.1) it is necessary that at this point 

(1) the function p (z) have a first order pole or be regular , and 
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(2) the function q ( z ) have a pole of an order no higher than 2 or be 
regular . 

Proof. For the sake of simplicity we will assume that the roots of 
Eq. (27.12) are different. Then 

-£- + />(*) —+?(*) = 0. (27.22) 

Moreover, U7 X (z) = zPupt (z), with = e 23l *p> and <jp, (0) =5^= 0 (see 
Remark 1). Substituting w t (z) into Eq. (27.22), we obtain 
Pi(Pi — 1) 1 2p t (p((z) <p,(z) 

z 2 t 1 f, (z) "T" (Pj (z) 

+ f^W + -^P( Z )+?( Z ) = °- (27.23) 

Similarly, the solution^ (z) can be written in the form (27.13), where 
<p 2 (z) is regular and nonzero at point z = 0, so that 

Pz (Pa — 1) 1 2p 2 <p' (z) (z) 

z 2 i " z <p 2 (z) ' i<p* (z) 

+ -?-P(a) + -^P(*) + ff(*) = 0 . (27.24) 

The functions cpj (z)/q>j (z) and <pj (z)Ap^ (z), j = 1, 2, are regular at 
point z = 0 since <pi t 2 (0) =£ 0. Subtracting (27.24) from (27.23), we 
find that 

[pi — p 2 + za (z)] p (z) = z- 1 ^ (z), (27.25) 

where a (z) and b (z) are regular at z = 0. Since X { =£ we conclude 
that pi =7^ p 2 » and from (27.25) it follows that the function p (z) is 
either regular at z = 0 or has a first order pole at this point. But then 
(27.23) implies that q (z) at point z = 0 is either regular or has a 
pole of an order no higher than 2. 

Thus, if z = 0 is a regular singular paint for Eq. (27.1), this equa- 
tion is of the form 

w" + -^-w' +-^-iv = 0 , (27.26) 

Z Z 

where a (z) and b (z) are regular at z = 0. 

It has been proved by L. Fuchs (see Smirnov [1]) that condition 
(27.26) is sufficient, i.e. we have 

Theorem 5 The point z = 0 is a regular singular point for Eq. (27.1) 
if and only if this equation has the form (27.26), with a (z) and b (z) 
regular functions at point z = 0. 

Corollary 2 The point z = oo is a regular singular point for 
Eq. (27.1) if and only if this equation has the form (27.26), with a (z) 
and b (z) regular functions at point z = oo. 
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Example 5 . Euler’s differential equation (27.7) has two singular 
points, 0 and oo. Both are regular singular points. □ 

Example 6 . BesseVs differential equation 

z 2 w" + zw ' + (z 2 — v 2 )w = 0 (27.27) 

(v is a constant) has two singular points, 0 and oo. The first is a regu- 
lar singular point and the second an irregular singular point. □ 
Example 7. The hyper geometric differential equation 

z (1 — z) w” + [y — (a + P + 1) zj w' — a$w = 0 (27.28) 

(a, p, and y are constants) has three singular points, 0, 1, and oo. 
All three are regular singular points. 

27.4 Construction of solutions in the neighborhood of a regular 
singular point Let us take Eq. (27.26), for which point z = 0 is 
a regular singular point. In this case we can construct the solution 
explicitly. We look for the solution in the form of a power series, 


w(z) = zf> 2 *0 n z n , F(28.29) 

71=0 

where] w 0 =^= 0, p, and w n are unknown numbers. 

By Theorem 5, such solution indeed exists and the series (27.29) 
is convergent in a punctured neighborhood of point z = 0. We have 

oo 

w’ (z) = 2 (ra + p) u> n z n +P-*, 

71=0 


w"(z)= s (ra + p)(n + p — 1) w n z n+ p~ 2 . 

71=0 

We expand the coefficients a (z) and b (z) in Taylor series: 

oo oo 

a(z) = 2 a n z n , b(z)= 2 M"- 

71=0 71=0 

Substituting) into Eq. (27.29), we find that 

Z W 0 [p (p — 1) + a oP “k^ol + z ’ +1 { W i fp (p + 1) + a 0 (p + 1) 

+ b 0 ] + W 0 (pa t -f- &x)} + • • • + zP+n {w n [(p -f- n) (p -f - n — l)j 

+ a o (P + n ) + + • • • + w o (P a n + W} + • . . = 0. 


Nullifying the coefficients of z^ +n 9 n = 1, 2, . . ., 


we arrive at a 
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recurrence system of equations: 


«>o/o (P) = 0, 

» i/o(p+ 1 ) + “ ; o/i(p) = 0, 
•••••••*•• 

Wnfo (P + ») + l»n-lU (P + Tl — 1) 

+ w n -zU (p + n — 2) + . . . + w 0 f n (p) = 0, 

where 

fo (p) = P (p — 1) + « 0 p + b 0 , 
fk (P) = pa h +b h , k > 1. 


(27.30) 


(27.31) 


Since w 0 =£ 0, we can write f 0 (p) = 0, i.e. 

p (p — 1) -f- «op -f- = 0. (27.32) 

This equation is known as the indicial equation . Let p A and p 2 
be the roots of the indicial equation. There are two possibilities 
here. 

(1) If this equation has two distinct roots, not differing by an 
integer, then / 0 (p x -f- n) 0 and / 0 (p 2 + n) =£ 0 for a single inte- 
ger n ^ 1. By selecting either root and solving Eq. (27.30) sequential- 
ly we can find u? lt w 2 , . . . . In this case Eq. (27.26) has two linearly 
independent solutions w i ( z ) and w 2 (z) of the type (27.13). 

(2) If this equation has two roots that differ by an integer, p* — 

P 2 = m > 0, then / 0 (p 2 ) = / 0 (p 2 + m) = 0, but / 0 (p 4 for 

a single integer n ^ 1. In this case there is only one solution w i (z) 
of the type (27.13). The second linearly independent solution can 
be found by employing Liouville’s formula (see Fedoryuk [1]): 


w t (z) iv 2 (z) 
K (z) w' t (z) 


z 

- £ p(B)dz 


Ce 


C = const. 


We can rewrite this as 


which yields 


\ W 1 (z) ) 


C 

w\ (z) 


- I P(z)d 

e 2 o 




w 2 (z) = w t (z) j 

Z1 


Z 

- S PttW 
O 20 


»!(«) 


<fz 


(27.33) 
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Since p (z) = a (z)/z = ajz -f- a t + . . ., we conclude that 


j P(Z) dl = a 0 \nz + ySp{z), 

to 

where (z) is regular at point z = 0. Hence, the integrand in (27.33) 
has the form z~ a o~ 2 p* x (z), where % (z) is regular and nonzero at 
point z = 0. The indicial equrtion (27.32) implies that p 2 + p 2 = 
— a 0 -f- 1, and since pi = p 2 + we conclude that — a 0 — 2p 2 = 
— (m -f- 1). We have 


whence 


X ( z ) = 2 Xn z ” 
n=0 


i 


z- a - 2p *x( z )= 2 Xn z_m+n-1 - 

71=0 

Integrating (27.33), we find that 

w z (z) = w l (z) (Xm In z + z~ m h (z)), 

where h (z) is regular at point z = 0. We finally find that the second 
linearly independent solut f Eq. (27.26) has the form 

w 2 (z) = zP*~ m cp 2 (z) + w i (z) Xm In (27.34) 

where <p 2 ( z ) is regular at point z = 0 

We will now investigate the structure of the solutions of some 
differential equations in the neighborhood of a regular singular 
point. 

Example 8. The point z = 0 is a regular singular point for Bes- 
sel’s differential equation (27.27). The indicial equation (27.32) in 
this case is 

P (P — 1) + P — V 2 = 0, 

and its roots are p Jt2 = ±v. 

(1) v is not an integer. Then Bessel’s equation has two linearly 
independent solutions of the form 

w 1 (z) = Z v ( Pi (z), w 2 (z) = Z" v <p 2 (z), 

where the <p 1>2 ( z ) are regular and nonzero at point z = 0. 

(2) v is an integer. Suppose, for the sake of definiteness, that v is 
nonnegative. Then Bessel’s equation has a solution of the form 
w i (z) = z v ( p 4 (z), where the function cp 4 (z) is regular and nonzero at 
point z = 0. The second linearly independent solution can be found 
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via (27.33): 

w 2 (z)=w l ( Z ) 

*1 

Let v be nonnegative or not a real number. We wish to find the 
solution of Bessel’s equation. Equations (27.30) are (at p = v) 

w ifo (v + 1) = 0, w 2 f 0 (v -j- 2) Wq = 0, . . 

Wnfo (v + n) — w n _ 2 = 0, 

with / 0 (p) = p — v 2 . From this we find that w 1 = w 3 = . . . = 

iv 2n+1 = ... = o and w 2n = 4 n w|(v y~^ v + ra ) . Hence, 
the function 

M _ v (— l) n z 2n+v 

w i\ z )— Zl 4 n »l (v + 1) ... (v-f n) 

71=0 


is a solution of Bessel’s equation. Note that 

(v + 1) . . . (v -f n) = r (v + n + l)/r (v). 
The solution 


J \ ( z ) — 2 

71=0 


(-1)” (z/2) 2n+v 

rpi+i) r(n + v + i) » 


which differs from w ± (z) only by a numerical factor, is called the 
Bessel junction of the first kind of order v. If v is not an integer, then 
the solutions J v (z) and /_ v (z) form the fundamental system of solu- 
tions of Bessel’s equation. □ 

Example 9 . The points z = ±1 are egular singular points for 
Legendre's differential equation 


(1 — z 2 ) w" — 2 zw 9 + hv = 0 

(Jt is a constant). Let us study the structure of the solutions of this 
•equation in the neighborhood of point z — 1. The indicial equation 
is p (p — 1) p = 0, whence Pi = p 2 = 0. Hence, Legendre’s equa- 
tion has a solution w i (z) that is regular and nonzero at point z = 1. 
The second linearly independent solution can be found via (27.33). 
In the case at hand, 


p(z) = 


1 — z 2 
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so that 


2 

W 2 ( Z ) = W i (Z) j 

*1 

The integrand in a neighborhood of point £ = 1 can be expanded 
in the following series: 

u>0 (C-l) + 2 «n(S— l) n - 

n=0 

Integrating this series termwise, we find that 

oo 

w 2 {z) = w i (z) (~ln(z — 1)+2 1)"), 

n= 1 

whence w 2 (z) = ^ (z) In (z — 1) + q> (z), where (p (z) is regular 
at point z = 1, <p (1) = 0. Thus, the solution w 2 ( z ) has a logarithmic 
singularity at point z = 1. □ 



Chapter V 


Residues and Their Applications 


28 Residue Theorems 


28.1 Residues at finite points We start with a function /( z) 
that is regular in a punctured neighborhood of a point a (a oo) f 
i.e. in the annulus K: 0 C | z — a | C p 0 - Then point a is either an 
isolated singular point (a pole or an essential singularity) for / (z) 
or a point of regularity, and / (z) is represented in K by a convergent 

DO 

Laurent series, / (z) = 2 c n ( z — a ) n » 

n =— oo 

Definition 1. The residue of a function / (z) at a point a (denoted 
by Res / (z)) is the coefficient of the I aurent expansion of / (z) 

z=a 

about point a, i.e. 


Res /(z) = <;_!• (28.1) 

z=a 

According to (17.7), 

where the circle y p : \ z — a | = p (0 < p < p 0 ) is oriented in the 
positive sense. This yields the following formula: 

f / (z) dz — 2ni Res / (z). (28.2) 

J z=a 

Thus, if z = a is an isolated singular point for / (z), the integral of 
/ (z) along the boundary of a small neighborhood of point a is equal 
to the residue at this point times 2ni. It is obvious then that if a 

is a point of regularity for / (z), Res / (z) = 0. 

2=0 

In all the examples in this chapter the path of integration is 
oriented in the positive sense (if the contrary is not stated explicitly). 

Example 1. Find the residue of e*f z at point z = 0. Since 
1 1 

e 1 / z =l-\ (-ST+..., we can write c_ i = 1 and Rese 1 /*=1. 

z lZ 2=0 
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This also means that 

[ e 1 / 2 dz = 2ju Res e { t z = 2ni. □ 
y . 2=0 


uN i 


Example 2. Suppose /(z) = (sinz)/z 6 . Then Res/(z) = 1/5!, 


2=0 


since /(z) = -l-(z — |j- + -|jr + . . . ) and c_ t = 1/5! Whence, 




sin z 2jii 

5 — az = — ft— 

z 6 51 


□ 


|z|=2 


1 1 

Example 3. If / (z) = z cos -jq-j - 1 then Res / (z) = — y , since 


/(*) 1(2+1) — 1] [l - 2 (z ^_ 1}1 + ...]and c_ t = - j. 


□ 


28.2 Calculating residues at poles (a ^ oo) (1) We start with 
the case of a simple pole. If a is a simple pole for / (z), the Laurent 
expansion of / (z) about point a has the form 


f(z) = c i(z— a)-‘+ 2 c n (z— a) n , 

n— 0 


with c = lim (z — a) f (z); whence g 

z-+a 

Res / (z) = lim ( z — a)f (z) . 

z=a 2 -*-a 


(28.3) 


For instance, if / (z) = cp (z)Aj; (z), where <p (z) and (z) are regular 
functions at point a, with cp (a) 0, (a) = 0, and (a) =/= 0, 

then point a is a simple pole for / (z), and (28.3) yields Res / (z) = 


lim 

2 -+a 


(z— a) (p (z) 

if (z) 


lim 

Z-+CL 


<P (z) <P (a) 

\|)(z)— i|?(a) 1))' (a) ’ 


i.e. 


z=a 


z — a 


Res 

2 =a 


q>(z) _ (p(a) 

H> (z) i))' (a) * 


(28.4) 


(2) Now we go over to the case where the order of the pole is 
greater than unity. If point a is a pole of order rn for / (z), the Lau- 
rent expansion of / (z) about point a has the form 


f (*)- J^i+ • • •'+-I=r + ‘o + c, (*-«)+•... (28.5) 

Multiplying both sides of (27.5) by (z — a) m , we find that 

(z — a) m / (z) = c_ m -f . . . + c.i (z — a)"*- 1 + c„ (z — a) m 

+ • • - (28.6) 



222 Residues and Their Applications 


Differentiating (28.6) m— 1 times and going over to the limit 
as 2 -*■ a, we find that (m — 1 ) ! c_ t == lim [(z— a) m /(z)], which 

2-*-a 

yields a formula for calculating the residue at an mth order pole: 
Res f{z )= -^rr V “ [ ( z - ( 28 - 7 > 


For instance, if f (z) = h (z)/(z — a) m , with h (z) regular at point 
a, h (a) = 7 ^= 0, then (28.7) yields the following formula: 

< 28 - 8 > 

Example 4 . Let us consider the function / (z) == — — ^ , 

which has a first order pole at point z=l and a second order 
pole at z = 2. Formula (28.3) yields Res / (z) = [- ^^ 2 ) 2 j _ t = 1, 

while formula [(28.8) yields Res / (z) = (-j 3 j“) 2 _ 2 = — 1. □ 
Example 5. The points z = kn (where k is an integer) are simple 
poles for cot z = ^ * ; whence (28.4) yields 


Res cot z = 

z=kn 


[ COS Z ~1 

(sin z)' Jz-=fcji 


From this it follows, for instance, that the principal part of the 
Laurent expansion of cot z about kn is l/(z — kn). □ 

28.3 Residues at the point at infinity Suppose a function /(z) 
is regular in a punctured neighborhood of point z = oo, i.e. in the 
domain p 0 <C | z | < oo. Then point z = oo is either an isolated 
singular point for / (z) (a pole or an essential singularity) or a point 
of regularity, and / (z) can be represented in p 0 < | z | < oo by a 
convergent Laurent series, 

oo oo 

/(*)= 2 «,* # =Sc,*’ , + 7 , +7 l +.... (28.9) 

n=- oo n=0 

Definition 2. The residue of a function / (z) at point z = oo (denoted 
by Res / (z)) is the number — c_ x , where is the coefficient of 1/z 
2=00 

in the Laurent expansion of / (z) about the point at infinity, i.e. 

Res / (z) = — (28.10) 
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According to (17.7) c_ i = ~~ j f(z)dz , where the circle | z | = 

|2l=p 

p (p>p 0 ) is oriented counterclockwise. Combining this with 
(28.10), we find that 

( f(z)dz = 2mResf(z), (28.11) 

J 2 a=0O 

where y p is the circle | z | = p oriented clockwise. 

Remark 1 . We can combine formulas (28.2) and (28.11). Indeed, 
if / (z) is regular in a punctured neighborhood U of a finite point or 
the point at infinity, both denoted by a, then the integral of / (z) 
along the boundary y p of this neighborhood is equal to the residue at 
point a times 2 ni. (The neighborhood U is to the left as y p is traversed 
in (28.2) and (28.11).) 

Suppose z = oo is a Zcth order zero for /(z). Then in a neigh- 
borhood of the point at infinity we can represent / (z) by the 

Laurent expansion / ( z ) = + ...» where c_ h = 7 ^ 0. 

As z — 00 , we arrive at the following asymptotic formula 

/(*)■ — fr ( A = c -h¥=0). 

If k = 1 , then Res f(z) = — c t = — A , while if k ^ 2, Res / (z) = 0. Thus, 

z=oo 2=00 

f(z)~— (z oo) =^Res/(z)= — .4, (28.12) 

z 2=00 

f(z)~-£ r (z-+oo, &>2) => Res/(z) = 0. (28.13) 

* 2=oo 

1 1 

Example 6. For the function e 1 /* = 1 H b -g . a + • . . the coffi- 

z Zl z A 

cient c is equal to 1, so that Rese 1 / 2 = — 1. Note that this func- 

2=00 

tion is regular at point z=oo, and nevertheless the residue at 
this point is nonzero. □ 

1 1 

Example 7. For the function / (z) = — cos — the point z = <x> 

is a first order zero: /(z)~l/z (z oo). From (28.12) we find 

that Res / (z) = — 1 . □ 

2=00 

Z 1 

Example 8 . For the function / ( z ) = ^ - sin — the point z = 

00 is a third order zero: /(z) ~ 1/z 3 (z 00 ). From (28.13) we find 
that Res f(z) = 0. □ 

2=00 

Example 9. Suppose / (z) is a regular branch of the function 
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( * n t ^ ie pl ane with a cut along [ — 1, 1] on whose upper 

bank the function assumes the value 1 at point 2 = 0 (see Example 
17 in Sec. 24). Then the Laurent expansion of f (z) about point 

z=oo has the form / (z) = e~ ian ^ 1 This yields 

Res / ( 2 ) = 2ae~ iajl . □ 

*=00 

28.4 The fundamental residue theorem 
Theorem 1 (the fundamental residue theorem) Suppose a func- 
tion f ( 2 ) is regular in a simply connected domain D except at a finite 
number of singular points z lf z 2 , . . z n and suppose y is a simple 
closed curve lying in D and containing z Jf z 2f . . ., z n in its interior. 
Then 


\ / ( 2 ) dz = 2ni 2 Res/ ( 2 ), (28.14) 

v h=i z = z h 

where y is oriented[in the positive sense • 

Proof . Let the y h (k = 1, 2, ...» n) be small circles centered at 
the z h and oriented counterclockwise. In view of Corollary 2 of Sec. 9 
we have 


n 

J /(*)& = 2 {/(*)<**. 

V A=1 v ft 

which, when combined with (28.2), yields (28.14). 

Corollary Suppose f ( 2 ) is regular in the entire extended complex z 

plane except at a finite number of singular points. Then the sum of all 
the residues of f ( 2 ), including the residue at point z = 00 , is zero , i.e. 

2 Res / (z) + Res / (z) = 0. (28.15) 

h=i z z—oo 

Here the z h (k = 1, 2, . . ., rc) are the finite singular points of 
f ( 2 ), and point z = 00 is either a singular point for f ( 2 ) or a point of 
regularity . 

Proof . Suppose y is the circle | 2 | = i? oriented in the positive 
sense, with R so chosen that all the points z h (k = 1, 2, . . n) 
lie in the interior of y. By Theorem 1, 
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On the other hand, (28.11) implies that 

[ f ( 2 ) dz = — 2ni Res / ( z ). 

J z — 00 

V 


(28.17) 


Formula (28.15) follows from (28.16) and (28.17). 

The following theorem is a generalization of Theorem 1: 
Theorem 2 Suppose a function / (z) is regular in a domain D in the 
extended complex plane except at a finite number of singular points and 
is continuous up to the'boundary Y of D. Suppose T consists of a finite 
number of limited piecewise 
smooth curves. Then 


(a) [ f(z)dz = 2ni 2 Res/ ( 2 ) 
r h= 1 Z=Z h 

(28.18) 

if D does not contain point 
z = * 00 , and 


(b) \f(z)dz 
r 

n 

= 2ji i( 2 R es / ( 2 ) + Res / ( 2 ) ] 

(28.19) 



if D contains point z = 00. Here z l9 z 2 , . . z n are aZZ ZAe finite singu- 
lar points of f (z) ZyZrcg in D. 

Proof, (a) Let Z) be a bounded domain. Consider the multiply 
connected domain D obtained as a result of deleting D of small cir- 
cles K centered at the respective points z i (f = 1, 2, . . n). 

By Theorem 4 of Sec. 9, the integral of / (z) along the boundary 

T of D is equal to zero, i.e. 


j f(z)dz = j f (z) dz + s 5 /|(2) dz = 0 , (28.20) 

r r i=1 


where the boundary yj of circle Kj is oriented clockwise. Since 
f / (z) dz = — 2ni Res / ( 2 ) 

J 2=Z • 

Vj j 

(see (28.2)), we see that (28.18) follows from (28.20). 

(b) Let K be a circle | 2 | < R that contains the boundary T of D 
and all the finite singular points of / (z) (Fig. 68). Consider the do- 


15-01641 
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main G obtained from G = D [\ Kb y deleting the circles K # men- 

/v ^ 

tioned earlier. The boundary T of G consists of I\ the circles yj (the 
boundaries of the Kj)> and the circle y R : | z | = R. We have 

n 

J /(z)dz = j f(z)dz+'2 l j/(z)dz+j /(z)dz = 0, (28.21) 

r r 3=1 

where is oriented in the positive sense. Since 

\ / (z) dz — — 2jw Res / ( z ), 

J 2=00 

we see that (28.19) follows from (28.21). The proof of the theorem is 
complete. 

The residue theorems we have just proved are most important to 
the theory of functions of a complex variable. They can be effectively 
used when evaluating many definite integrals. 

28.5 Evaluating integrals along closed curves Here we give 
some examples concerned with evaluating integrals along closed 
curves via the theory of residues. In all examples the traversal of 
the integration path y is in the positive sense, i.e. the interior of y 
remains to the left. 

Example 10 . Let f (z) = (cos z)/z 3 . Then (28.14) yields 

[ f ( z ) dz = 2ni Res / (z). 

J 2=0 

1 * 1-2 


Since in the circle | z | < 2 the function / (z) has one singular 

1 1,1 


2 \z 


point at z = 0 (a pole) and f(z) -- 

elude that Res / (z) = = — 1/2. Hence, \ 

z=o J . 


t 4! 
cos z 


z + . . . , we con- 
-dz= —ni. □ 


1 2 1=2 


Example 1L Let / (z) = 1/ (e z + 1). Then /= j /(z)dz==2m 

\z — 2i\=2 

X Res/(z), since /(z) has one singular point in the circle 

z=ni 

| z — 2i | < 2, namely, a first order pole at z = ju. Formula (28.4) 
then yields 


Res / (z) 

z=Jii 


i 

(< z +i )Ui 


-i, 


whence / = — 2ju'. □ 

Example 12. If /(z) = (2z — 1) cos , then /= j f(z)dz = 
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2jti Res / (z), since / (z) is regular in the circle |z|<2 except 

Z=1 

at point z — 1, which is an essential singularity for f (z). We 
have 

cos 7=T = cos ( 1 + 73T ) 

1 1 

= cos 1 X cos - A sin 1 x sin r - 

2—1 2—1 

=cosl ( 1 -T(i^+--0“ sinl (^r~3niiF+---)’ 

2z — 1 = 2 (z — 1) + 1, 

which shows that the coefficient c of the term (z — l)* 1 in the Lau- 
rent expansion of / (z) is 

c_! = — (cos 1 -f- sin 1). 

Hence, I = — 2ni (cos 1 -f sin 1). □ 

— z — 2 d Zm 

U|«4 

There are two ways in which we can do this. 

(1) The function f{z) = — i-x- e 1 /* 2-1 ) has in the circle | z|<4 
two singular points, z=l and z = 2. Hence, 

I = 2ixi (Res / (z) + Res / (z)). 

Z=1 Z=2 

Since 

eV <* 1)=1 +S «! ( Z — l) n ’ z—2 = — 1 — (2 — 1) ^ — 2 ( z — 1 )"* 

71=1 71=0 

00 

1 

we conclude that Res / (z) = — 2 j = 1 — e. We can a * so wr ^ 

2—1 71=1 

Res / (z) = (^ 1/(Z “ 1) ) 2 =2 = e. 

z=2 

The final result is I = 2ni. 

(2) I = — 2ni Res / (z). The point 2 = 00 is a first order zero for 

2=oo 

/ (*): 

_L_ _ 1 , e i/(-i ) _ i, /( z )~± (z -v 00 ). 

Formula (28.12) yields Res / (z) = — 1 and, hence, I = 2jii. □ 

Z=oo 

Example 14. We take P ( z ) = z n -f- ajz” -1 + . . . + a„_iZ -f 


15 * 
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a polynomial of a degree not lower than 2, and y, a circle whose inte- 
rior contains all the zeros of the polynomial. Let us show that the 
function 

,28 - 22 > 

V 

satisfies the equation 

p ( -£■ ) W (z) = ^ (n) ( z ) + ai» <n_1) (*)+...+ (z) + a n w (z) = 0 

(28.23) 

and the following initial conditions: 

w (0) = 0, w' (0) = 0, . . ., xv^ (0), w< n -V (0) = 1. (28.24) 
The definition (28.22) gives us the derivatives of (z), 

i.e. ^ (ft) (z) = -4r J TW hence ’ 

V 

p (4')“ ; ( z ) = 4r)^^= =0 > 

V 

which proves (28.23). Let us see whether this function satisfies the 
initial conditions (28.24). We have 

““>«»— arj A- w- (28 - 25) 

V 

If k <Z n, the function t> k !P(Q has an (n — k) th zero at point 
£ = oo, which means that Res £> h /P (£) = 0 for n — 2. Thus, 

£=oo 

u)i h ) (0) = 0 at k = 0, 1, . . n — 2. Now let k = n — 1. Then 

$ n -V/> (£)~ l/£(£ oo), so that Res (C n “VP (£)) = -1, and 

from (28.25) it follows that i 0 < n “ 1 >-(O) = 1. □ 

28,6 Integrals of multiple- valued functions Here are some exam- 
ples concerned with the evaluation of integrals of regular branches of 
multiple-valued analytic functions. In Examples 15 to 18 the inte- 
grals of all the branches of the multiple-valued analytic function 
under the integral sign will be evaluated. 

Example 15. Let us evaluate j ^ z - The f unct i° n V z 

|z-il-l/2 

splits in the circle K: | z — 1 | < 1/2 into two regular branches, 
g x (z) and g 2 (z) = — g 1 (z), which means that the integrand splits 
into two regular branches, f 1 (z) = g ± (z)/(z — 1) and f 2 (z) = 
g 2 (z)/(z — 1). Let g 1 ( z ) be the branch of the root on which 
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g x (1) == 1. Then g 2 (1) = — 1. Each function / lt2 (z) is regular in K 
except at point z = 1, which is a simple pole. By the residue theo- 
rem (Theorem 1), 

\ f i ( z ) dz = 2ni Res / 4 ( 2 ) = 2mg 1 (1) = 2 ju. 

-V ... *=* 


Similarly, j 


f 2 (z) dz= —2ni. □ 

12-11=1/2 

Example 16. Let us calculate 


dz 


izi 2 * i /z2 “ 1 


The integrand 


splits in the domain | z | >2 into two regular branches, ( z ) and 

/ 2 ( 2 ). Suppose f 1 ( 2 ) is the branch on which 2 2 /i (z) -*■ 1 as 2 ->■ 00 . 
Then for branch / 2 ( 2 ) we have 2 2 / 2 ( 2 ) — 1 as 2 -^ 00 . Since for 

( 2 ) and / 2 ( 2 ) point 2 = 00 is a second order zero, we have 


f fx(z)dz= \ f 2 (z)dz = 0. □ 

1 2 | =2 1 2 1 =2 

Example 17. Let us calculate j 


7,2 - -- dz. The function 


2+11 = 1/2 


In z — ni 


In z splits in the circle K 0 : | z + 1 | < 1/2 into an infinite number of 
regular branches g h ( z ) defined by the condition (—1) = (2k + 

z 2 I 1 

1). ni. We introduce the notation f h (z) = — -- — .. Since 

w gh( z )~n « 

gft ( z ) =5^= ni in the circle Z 0 if k ^ 0, we find that each function 
/ k (z) for k =^= 0 is regular and, hence, 

i 

j /ft (z) dz = 0 (*^0). 

I 2+1 I “1/2 


For the branch / 0 (z) the point z= — 1 is a first order pole. For 

this reason Res / 0 (z) = f . - ~*~ 1 1 — - . 2 =— 2 and 

*=_i /ow L (In 2 — ni)' J 2 =-i (l/z) z= _ i 

\ / 0 (z) dz = 2ni Res / 0 (z) = — Ani. □ 

J 7= — 1 

|2+ll=l/2 

Example 18. Suppose / ( 2 ) is the branch of the analytic function 
V 2/(1 — 2 ) in the plane with the cut along [0, 1] on whose upper 
bank the function assumes positive values. Let us calculate the 

integral \ / ( 2 ) dz. Since / ( 2 ) is regular in the domain | 2 |^>2, 

U 1 — 2 

we can write \ f (z) dz = — 2ni Res / ( 2 ). If we now employ 
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the Laurent expansion of / ( z ) about point z = oo from Example 18 
in Sec. 24, 

oo 

f(z) = eW 2 ^ 1/3 (-l) n z- n = e in ' 3 (l+4-+---)’ 

n=0 

we find that Res / (z) = — e in / 3 . Hence, 

/ ( z ) dz = — 2ni Res / (z) = e in □ 

T = QO ^ 


5 


29 Use of Residues for Evaluating Definite Integrals 


The residue theorems (Theorems 1 and 2 of Sec. 28) make it possible 
to reduce the evaluation of integrals of complex valued functions 
along closed curves to finding the residues of the integrand in the 
interior of the path of integration. The same method can be used to 
evaluate many integrals of functions of a real variable. In many 
cases it is possible to evaluate definite integrals via residues quite 
simply even when other integration methods fail. For instance, if 
all the singular points of the integrand lying inside the integration 
contour are poles, calculating the residues is reduced to finding 
derivatives. Hence, in this case the evaluation of integrals is re- 
duced to finding derivatives. 

2;t 

29.1 Integrals of the type /= j J?(cos<p, sin<p)rf<p Integrals 

o 


of the type 


2jx 

/= ^ R (cos qp, sincp)d(p (29.1) 

o 


are reduced to integrals along closed curves (here R ( u 9 v) is a ra- 
tional function of u and v). Let z = e i( v. Then 

sin 9 = -|r(z- 4 -), coscj >=i-(z + ±), dq>=-<A. 


If we vary <p form 0 to 2 ji, the variable z runs along the circle 
| z | = 1 in the positive direction. The integral (29.1) can be re- 
duced to an integral along a closed curve, 1= j R i (z)dz J where 

Ri( z )= — R (z + -j) , -^r- ( 2 — is a rational function 
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of z. By the residue theorem (Theorem 1 of Sec. 28), 

n 

/ = 2ni 2 Res Ri(z), 

h=i z=z h 

where z x , z 2 , . . z n are the poles of the rational function R t (z) that 
lie in the circle | 2 | < 1. 

Example 1. We wish to evaluate the integral 

0 

To this end we introduce a new variable, z = e if *. This yields 


/- ( 

•/ 

I 2 |=1 


i dz 

az*— (a a + 1) z + a # 


The denominator az 2 — - (a 2 + 1) z -f- a has its zeros at z x = a and 
z 2 = 1/a. Since | a | < 1 , only one of these points lies in the circle 
| z | <C 1, i.e. Zj = a , which is a first order pole of the integrand 
/ (z). Formula (28.4) then yields 


Res / (z) 


i 

\2az — (<** + l)] 2=a 

i 

a 2 — 1 ’ 


whence I = 2n/(l — a 2 ). □ 

29.2 Integrals of rational func- 
tions Consider the integral 

oo 

/= j R (x) dx, (29.2) 



where R (x) is a rational function. We assume that the integral 
(29.2) has a finite value. 

Here we cannot apply directly the residue theorems since the 
path of integration is an infinite open curve. To be able to employ 
these theorems, we introduce an auxiliary closed curve T R (Fig. 69) 
consisting of the segment [— R, /?] and the semicircle C R (| z | = i?, 
O^argz^jc) and consider the integral 



But first let us prove 

Lemma 1 Let a function f (z) be regular in the domain Im z >0 
except at a finite number of singular points and continuous up to the 
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boundary of this domain . If the integral 

oo 

j / (x) dx (29.3) 

— oo 

has a finite value and 

lim [ f(z)dz = 0, (29.4) 

R^oo J 
C R 

where C R is the semicircle | z | = R, Im z ^ 0, then 

00 

1 f(x)dx = 2ni 2 Res/ (z). (29.5) 

J Z=Zu 

-oo Im zjj > 0 * 

In the last formula the residues are calculated at all singular 
points of the function f (z) that lie in the upper half-plane. 

Proof . We take*the contour r R (Fig. 69) and select R so large 
that all the singular points of / ( z ) that lie in the upper half-plane 
are inside V R . The residue theorem (Theorem 1 of Sec. 28) then 
yields 

R 

j f[z)dz=± j f(x)dx+ j f(z)dz= 2m 2 Res/ ( 2 ). 
r R -r c R imz ft >o 

Now we go over to the limit as R oo. Since the integral (29.3) 
has a finite value, we have 


R 

lim \ / ( x ) dx = 

B-oo J 


j / (x) dx . 


Moreover, l f(z)dz-*~ 0 as R-*oo y in view of (29.4). This proves 


the validity of (29.5). 

We now turn to the integral (29.2). Suppose R (z) = P n ( z)/Q m ( 2 ), 
where P n ( 2 ) and Q m (z) are polynomials of degrees n and ra, respec- 
tively. The fact that the integral (29.2) is finite (by hypothesis) 
implies that k = m — n ^ 2 and R ( 2 ) has no poles on the real 
axis. Hence, 


R (z)~ Alz h (2 — ^ 00 , /c > 2 is an integer), 


so that | R ( 2 ) c | 2 |~ 2 when | 2 | is large. Then | R ( 2 ) | ^ 
cR~ 2 on C R and, hence, 


j R(z)dz ^cR~ 2 nR ->- 0 (R 00 ). 
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We have thus proved that condition (29.4) is satisfied and, by 
Lemma 1, 

oo 

\ R(x)dx = 2ni 2 Res i?(z). (29.6^ 

J _ Z=Z. 

-oo Im ?^>0 * 

Here the residues are calculated at all the poles of R (z) that lie in> 
the upper half-plane. 

Similarly, we can write 

oo 

[ R (x) dx= — 2ni 2 Res R ( 2 )* 

J 2=2. 

— oo Im 2^< 0 « 


Example 2 . Let us evaluate the integral 


'-i 


(**+1)* 


1 1 

Since the function R (z) = = ( z -|_,)> ^ ias on ly one (f°urtli 

order) pole in the upper half-plane, at z = i, formula (28.8) yields; 


1 ( 3 ) 5 i_ 

I z=i 32 

and, by (29.6), / = 2ni Res R (z) = 

5n/16. □ 

Example 3. Let us evaluate the 

OO 

integral / = j w ^ere n 

o 


Res R 




1 

( Z +i) 4 



Fig. 70 


is a positive integer. 

The equation z 2n -f 1 = Ohas the following roots: z k = 
k = 0, 1, . . 2n — 1. Let us employ the following property of the 
integrand, i.e. R (e in l n z) = R (z). We take the integration path 
in the form of the curve r R depicted in Fig. 70; this curve consists 
of the segment [0, i?], the arc C R : z = Re i{ p, 0 ^ q)^ jt /?2 , and the 
segment l : z = re in f n y 0^ R. By the residue theorem (Theo- 
rem 1 of Sec. 28), 


R 

j R {z) dz = j R (x) dx + j R ( z ) dz-f- j R (z) dz = 2 ni Res R (z), 

t r o c R i 

(29. 7> 

since R (z) has only one pole at z 0 = e in ^ 2n in the interior of r H .. 
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The residue at this point is 
Res R ( z ) = 


2 ™ i 71 - 1 


The integral along l can be reduced to the 


_Zo_ 

2 n * 

integral along [0, i?]: 

R 


j R(z) dz= — j R ( re in / n ) e in f n dr 
1 0 



dr 

1 + r 2 * * 


Finally, we estimate the integral along C R . Since | R (z) \~ 
1/| z | 2rl (z-*- 00 ), we can write 


^R{z)dz-^ 0 (R 00 ). 


Taking the limit of (29.7) as R -*■ 00 , we find that 

( 1 __ e in/n) I = — gi^/(2n) . / _ 5 n 

' n 0 . Jl 

2rc sin — — 

2n 


oo 

29.3 Integrals of the type / = f e iox I? (x) efx Here if ( x ) is 

— oo 

•a rational function of x. The integral 

oo 

/= j e ia *R(x)dx (29.8) 

— OO 


is the Fourier transform of R (x). To evaluate integrals of the 
type (29.8), we employ 

Lemma 2 (Jordan’s lemma) Suppose a is positive and the following 
conditions are met : 

(1) a function g (z) is continuous in the domain Im z^O, | z | ^ 

Ro 0 ; 

(2) M (R) = max | g (z) | ->■ O^as R oo , (29.9) 

26 C R 

where C R is the semicircle | z | = R, Im 2 ^ 0. 

Then 

lim [ g (z) e iaz dz = 0. (29.10) 

n-00 J 
l r 

Proof. Suppose z £ C R and R >i? 0 - Then z = itekp, 0^ ji, 
•dz = iRe'wdy, and 

| e iaz j = | e ia ( R cos v+in sin v) | = e~ aR sin <p . 


(29.11) 
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Since a is positive, we can write | e iaz 1 (z 6 C R ). But this 
estimate is not sufficient for proving the validity of (29.10). To 
estimate | e iaz | on C R more precisely, we employ the inequality 

sin <p^~- (p, (29.12) 

which is valid due to the convexity of sin cp on [0, jt/2]. 

Let us estimate the integral / 4 = j e iat g(z)dz. Using (29.11), 

C R 

we find that 

nil 

e -*R sin <fRd<p = 2RM (R) j e~ aR sin * dtp, 

0 

whence by virtue of (29.12) we find that 

nfl ot 

|/ t K2 RM(R) J e~ 2R ~' f dxp^M{R)(-^ r )e~ 2R ~ ,f | o " /2 
0 

= M(R)^-(l- e~«*) M(R). 


I A K max \g{z) | \ 
zee* 


This estimate combined with (29.9) yields (29.10). The proof of Jor- 
dan’s lemma is complete. 

Now let us study the integral (29.8). The integral has a finite value 
if and only if R (z) has no poles on the real axis and R ( x ) ~ c!x h 
{ x ->■ 00 ), ft > 1. This means that condition (29.9) is met and, by 
Jordan’s lemma, 

j e ia2 R (z) dz-+- 0 (R-* oo t a>0). 

Formula (29.5) then yields 


00 



(29.13) 


Remark 1. If a is negative, then, replacing the contour T R in 
Fig. 69 with its counterpart symmetric with respect to the real axis, we 
have 


f R ( x ) e iax dx= — 2jxi 2 R es (e i<x *R (z)). 

J 2=2 

- oo lmz^<0 « 

Remark 2 . If R (x) is real for real x's and if a >0, then we can 
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separate in (29.13) the real and imaginary parts, which yields 
00 

C R ( x ) cos a xdx= — 2ji Im [" 2 Res ( e laz R (z))"] 

lmz h >0 '~' h (29.14) 

oo 

^ R (x) sin ax dx = 2n Re [ 2 Res (e iaz R (z)) J . 

-oo lm z k >Q z ~ 

There is no need in memorizing these formulas. It is much more 
important to understand the methods that led us to these formulas. 

Example 4. We wish to evalu- 
ate the integral 

oo 

r (* (x — 1) cos 5x , 

1 = ) a 2 — 2a;— (-5 dx ' 

— OO 

Formula (29.14) yields 

/ = 

- 2 “ Im L I iS 1 (‘ u, 5r=iTr)]' 

since the integrand / (z) has one (first order) pole in the upper half- 
plane. Formula (28.4) then yields 

Jtes i / <») - [ (£“ £+ 5 ,- (»<»5 + i sin 5). 

Whence I = — ne~ 10 sin 5. n 

oo 

Example 5 . Let us evaluate the integral I = j dx . Let 

r o 

r PtR be the contour depicted in Fig. 71. We consider the integral 



1 p, R 


= f 


L p, R 


It is equal to zero because e iz /z is regular inside T PtH , but, on the 
other hand, it is equal to the sum of the integrals taken along C ^ 
and C R and the segments [— R, — p] and [p, i?]. We have 

^ = T+ h ®' 

where h (z) is regular at point z = 0. If z 6 C p , then z = pe i( p, 0^ 
<p^ jt, dz = ipe'Q dcp, and 
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The function h(z) is bounded in a neighborhood of point z = 0 
and, hence, j h (z)dz-+ 0 as p-^0. This yields 


J — dz -* — in as p-*-0. 
c p 2 

The integral along C R tends to zero as i?-»- oo (Jordan’s lemma). 
The sum of the integrals along [ — R, — p] and [p, i?] is 

j ~T~ j dx = j - e — ~ g 1 dx = 2 i j - S1 ° a: dx. 


Hence, 


n 

l = / p . B = 2i J Ji^dx-tn + e^pJ + ej^), (29.15) 


where £i(p)-^0 as p->-0 and e 2 (R)-^0 as R-+ oo. Since I has 
a finite value, 


lim f -?™±-dx = I. 

o^n J * 


P-0 i 
R* OO P 


Going over to the limit in (29.15) as p -»• 0 and i?-> oo, we obtain 
2il — in = 0, whence I = jx/ 2. n 
Example 6. Evaluate the integral 

/ = j _cosax-cospx dx (a>0< 

0 

We consider the integral I PtR = [ e%(XZ e ^ z dz , where 

_ J z 2 


r p , R is the contour depicted in Fig. 71. On the one hand, this 
integral is equal to zero, by Cauchy’s integral theorem. On the other 
hand, it is equal to the sum of the integrals taken along C p , C Rf 
[— iZ, — p], and [p, iZJ. Point z — 0 is a simple pole for the function 
f (z) = ( e iocz — e^ z )/z 2 , and Res f (z) = i (a — P). Just as we 

z=0 

did in Example 5, we can show that the integral along C p tends 
to Jt (a — p) as p 0, while the integral along C h tends to zero as 
R-^ o o. The sum of the integrals along the two segments is 


e iax_^_ e -iax _ + 


l ) dx = 2 j 


cos ax — cos px 
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Sending 

2 j cosaa8 - cos P g dx+ n(«-p) + «i (p) + e 2 (i?) = 0 

P 

(ei-^0 as p — >■ 0 and e 2 ->0 as R-*-oo) 

to the limit as p 0 and R-+- oo, we obtain 21 -f- Jt (a — |3) = 0, 
whence 

/ = -£.(P-a). □ 


Example 7 . Let us calculate the Fresnel integrals 

OO 00 

cos a: 2 eta, 1 2 = ^ sin a: 2 eta. 

0 0 

We take the contour depicted in Fig. 70 ( n = 4). Since e iz<£ 
is regular in the interior of T R , we conclude that 

R 

e ix 'dx-{-^ e iz2 dz-\- 

We estimate the integral ^ e iz2 dz . For z£C R we have z = Re i v r 

C R 

0^cp^n/4, so that 

| e iz 2 j __ sin 2qp^ g-(4R 2 /n) 



j e izt dz = 0. (29.16) 

i 



by virtue of the inequality sin 2cp^4cp/jT (0^qp^jr/4). Hence, 

a/ 4 

j e***d*|<J? ( e -(4H»/«)*dq, = JL-(l_e-K')-»-0 (i?-*-<x>). 


Moreover, if z£Z, then z = re in/i , so that e iz * = e -r ’. Whence 

A 

j e iz 'dz = — e*"/* j e~ T * dr. 


The reader must know from the course of analysis (e.g. see Kud- 
ryavtsev [1]) that 


j e dx = X r JL . 
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If in (29.16) we go over to the limit as R ->• oo, we obtain 

00 

j e*‘dx = ew-^. (29.17) 

0 

Separating in (29.17) the real and imaginary parts, we find that 

oo oo 

J cos x 2 dx = j sin x 2 dx = ^ 2jt . □ 

0 0 

oo 

29.4 Integrals of the type J= j x a ~ i R (a?) dx We will con- 

o 

sider integrals of the type 

oo 

/= ( af*~ l R(x)dx, (29.18) 

o 

with a a noninteger and R (x) a rational function. (The case where a is 
an integer is considered in Sec. 29.6) The integral (29.18) is the 
Mellin transform of R {x). This transform is widely used in mathe- 
matical physics and analytic number theory. 

Integral (29.18) has a finite value if and only if R (z) has no poles 
on the semiaxis (0, -f-oo) and 

lim | z |® R (z) = 0, lim | z | 06 /? (z) = 0. (29.19) 

2-*- 0 Z-+oo 

We can assume that point z = 0 is neither a pole nor a zero for 
R(z). 

Under this assumption concerning the behavior of R (z) at zero 
the first condition in (29.19) is met if and only if a is positive. 
Let us now turn to the second condition in (29.19). Note that for 
R (z) the following asymptotic formula is valid: 

R (z)~ A/z h (z-> oo, A 0, k is an integer), (29.20) 

and therefore the second condition in (29.19) is met if and only if 
k — a is positive. Thus, the integral (29.18), where R (z)isa ration- 
al function of z without any poles on the real semiaxis [0, +oo) and 
such that R (0) 0, has a finite value if and only if 0^ k y 

where k is determined by the asymptotic formula (29.20). All this 
implies that R (z) 0 as z oo. 

To employ the theory of residues in calculating (29.18), we con- 
tinue the integrand analytically into the complex plane. Suppose D 
is the complex z plane with a cut along [0, +oo). In D we isolate 
the regular branch h (z) of z** 1 that is positive on the upper bank of 
the cut; we denote this branch by z 06 " 1 , so that h (z) = z®' 1 . 
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In this domain we have z = re**, where r = | z |, cp = arg z, 
<0 < <p < 2jt, and hence, 

h ( z ) = z*- 1 = (re ^) a - 1 = r“- 1 e i <*>, 0 < cp < 2 jx. 

On the upper bank (p = 0, so that 

h (x -f- z'O) = h (x) = >0 (x >0). 


But if point x lies on the lower bank, i.e. z = x = x — iO (x >0) t 
then (p = 2 ji and h (x — iO) = h (x) = x a ' 1 e l2n ^ a " 1 \ or 
h (x) = h (, x)e i2sia , h (x) > 0 (# ;> 0). 

We introduce the notation / (z) = h (z) ff (z) = z®" 1 ff (z). Then 

/ (x) = h (x) ff (x) and 

/ (x) = e i2 ™* / (a;). (29.21) 

Let us show that (29.18) 
obeys the following formula: 





(29.22) 

where the sum is taken over 
all the poles of R (z). 

Let us consider the contour r PtR (Fig. 72) consisting of the 
-circles C p : | z | . = p and C R : | z | = R and the segments [p, R] and 
Iff, p], which lie on the upper and lower banks, respectively. Sup- 
pose ff > 0 is so large and p >0 so small that all the poles of ff (z) lie 
inside T PtR . By the residue theorem (Theorem 1 of Sec. 28), 

/ PiR = f f(z)dz = 2ni 2 Res (z“-*f?(z)), (29.23) 

r _ 

K 

where the sum is taken over all the poles of ff (z). 

On the 1 other hand, / PtR is equal to the sum of four integrals: 

r p 

Ip. B = j /(*) j / (x) dx+ j / (z) dz+ J / (z) dz. (29.24) 
p R c p c R 

Let us show that the integrals along C p and C R tend to zero as 
p-»-0 and R-*- oo. This follows from 
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Lemma 3 Suppose M (p) =‘ max | f (z) |, where C p is the circle 


z 6 C n 


| z | = p . If p M (p) 0 as p -v 0 and RM ( R ) OJ as R-+ oo , 

then 

j f(z)dz-+ 0 (p — 0), 
c p 

[ /(z)dz->- 0 (R —r oo). 

Proof . These relationships follow from the estimate 

j f(z)dz ^A/"(p)2:xp. 

c p 

The hypothesis holds for the integrals in C p and C R in (29.24). 
Indeed. 

M (p) = max | z a ~ i R (z) | = p a_1 max | R(z) | , 


zec n 




and from (29.19) it follows that p a max | i? (z) | as p 0 

re c p 

and, hence, pM(p)-^0 as p ->■ 0. The fact that RM (R)-+- 0 as 
R ->■ oo can be proved, similarly. 

Now, if in (29.23) we go over to the limit as p 0 and R -*■ oo and 
then use (29.21), we obtain 

/_ e i 2 Jia/ = 2 j ii y] Res (z a ~ i R (z)), 

z=z k 

which leads to (29.22). 

Example 8. Let us evaluate the integral 


oo 

■-H 


.a- 1 


+ 1 


dx , 0<Ca<l. 


(29.25) 


Here R (z) = 1 /(z +1), | z | a [ R (z) | ~ 1/ I z | l “« 0 as z -*■ 

oo, since a < 1. Moreover, | z | a | R (z) | ~ | z | a -> 0 as z— >- 0, 
since a >0. Thus, conditions (29.19) are met, and (29.22) yields 

T ~ — ^ikr Rcs /( 2 )- 


l — e l 


2=-l 


where f(z) = z a_1 /(z + 1). Moreover, Res f(z) = zf x ~ 1 | z= _i = e { (a- 1 )-" 1 , 

z= — 1 

since <p = (arg z) z== _i = n. Thus, Res f(z)=—e iasl , whence 

2=-l 


/ = 


2ji i 


i — e 


i 2na 


( — e ian ) = JC ^ 




2 i 


)-• 


16-01641 
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.e. 


I 


ji 

sin an * 


□ 


(29.26) 


Remark 3. Let us take the integral (29.25) as a function of para- 
meter a , i.e. I = I (a). This integral is uniformly convergent at 
e < a < 1 — e, where e is positive, so that I (a) is continuous for 
0 < a < 1 and formula (29.26) is valid. The right-hand side of 
(29.26) is regular in the entire complex a plane with points 0, ±1, 
±2, . . . deleted. Hence, (29.26) gives the analytic continuation of 
(29.25) from the (0, 1) interval into the complex a plane with points 
0, ±1, ±2, . . . deleted. 

Example 9. Let us calculate 

0° J 

/= J (1 +-). dx ' °< a < 4 - 


Here R{z)= (1 ^ za) r , I z 1“ I R (z) I ~ 1/| z as z-*- 00 


since a < 4, and | 2 |® | R (z) | ~ | 2 |° 0 as 2-^0 since a > 0. The 

conditions in (29.19) are met, and formula (29.22) yields 


/ 


2jii 


[Res /(z) + Res / (z)], 
2=2 2=-2 


where / ( 2 ) = R ( 2 ). The function i? ( 2 ) has second order poles 
at points i and — i. According to (28.8), we have 


Res / (z) = [ 
2=2 L 


(2 + 0 * 



At this point the reader will recall the formula for the derivative 
of a power function (Sec. 22): (z$)’ = P 2 P/ 2 . Using this formula, 
we can write 

Res / (z) = jz“- 1 (z + i)" 2 [^=p- - 2 (z + i)' 1 ] }. = . , 

where ( 2 a_1 ) 2=i = Hence 

Res / ( 2 ) = ta - i> "/2 = -1=± e ia--r/2. 

2=2 4 1 

Similarly, we find that 

Res / (z) = 2=2- e l <*/» «*. 
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The final result is 

I = ( e i (JI/2) a I e i (3/2) Jia\ 

1 e i2zia 4 ' ^ ' 

_Jl l 27 ) — 2 

_ ji (2— a) cos (aji/2) 

~ 2 sin an * 

or 

T n (2 — a) 

4 sin (an/2) * u 

i 

29.5 Integrals of the beta-function type /= ^ (yzr^*)° ^ (#) 

o 

Here we will consider integrals of the beta-function type 

l 

/=j (t=f) B *<*)<**• (29 - 27> 

0 

where a is a noninteger, and R ( x ) is a rational function. (The case 
where a is an integer will be considered in Sec. 29.6.) We will assume 
that R ( z ) has no poles in the segment [0, 1] and that — l<a<l. 
Then the integral (29.27) has a finite value. 

Note that we can reduce (29.17) to (29.18) by introducing a new 
variable, y = x/(l — x). However, in many cases it is more conveni- 
ent to employ the theory of residues when calculating^(29.27). To 
this end we continue the integrand analytically into the complex 
plane. 

Suppose D is the complex z plane with a cut along the segment 
[0, 1] (Fig. 73). In this domain we isolate the regular branch h (z) 

of [— JT z ) a that is positive on the upper bank of the cut. If z = x -f- 
iO (0 <C x < 1) is a point on the upper bank, then 

h{x + i0) = h(x) = (t~)“>0 (0<*<1). 

/V/ A/ 

Let us find h (x) = h {x — iO) , 0 <i< 1, where x = x — *0 is 
a point on the lower bank of the cut. \Ye have (see Example 16 in 
Sec. 24) 

h ( z ) = — l_ z * e ia «ri-<p.), 

where <p x = A v arg z and cp 2 = A v arg (z — 1), with y a curve that 
connects a point on the upper bank of the cut with a point z £D 


16 * 
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(Fig. 73). If z = x — x — iO (0 < x < 1), then cp, = 2n, <p 2 = 0, 
and 

h ( x ) = e i2na ( j a — e i2ixa h (x) . 

We introduce the notation / (z) = h ( z ) R ( z ). Then / (z — t'0) = 
e i2na f (x + iO), or 

/ (x) = e i2na f (x), 

where / (x) coincides with the integrand in (29.17). 

Let us prove that the integral (29.27) can be expressed thus: 

n 

1 = , 2 *La ( 2 Res / (*) + Res / W ) , (29.28) 

1-e y k =l Z=Z h 2-00 / 

where z x , z 2 , • • •» are all the finite poles of R (z). 

To prove the validity of (29.28), we take a contour T p in the form 

z 


Fig. 73 



of a dumbbell (Fig. 74). This contour consists of the circles C 9 : 
| z | = p and C f p : | z — 1 | = p and the segments l ± : p ^ 1 — p 

and Z 2 : p ^ 1 — p lying, respectively, on the upper and lower 

hanks of the cut. By the residue theorem (Theorem 2 of Sec. 28), 


I p =\ f ( z ) dz = 2 ni ( 2 Res / ( z ) + Res / (z) ) , (29.29) 

r p 2=2 * 

where p is so small that all the poles of R ( z ) lie outside of the dumb- 
bell. 

On the other hand, 


i-p 


I Q =^f(z)dz + ^ / (x) dx + j / (z) dz + j f(x)dx. (29.30) 


C p 


t-p 


We estimate the integrals along C p and C p . By hypothesis R ( z ) is 
regular at point z = 0 and, hence, [ R (z) M for small values of 
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| z |. Moreover, | h (z) | = ] z \ a /\ 1 — z | a ^C M 1 | z | a for small 
values of | z |. Whence, if z 6 C p , then I / (z) | = | h (z) | | R (z) 
MM 1 p a , so that M (p) = max | / ( 2 ) | ^ M 2 p a . Consequently* 

* e c n 



pM (p)^ M 2 p l * a ->■ 0 as p 0, since 1 -fa >0. By Lemma 3, 
j / ( 2 ) dz-+ 0 (p— 0). We can similarly prove that the integral along 

Cp 

Cq tends to zero asp — 0. Going over in (29.29) to the limit asp -*» 0, 
we obtain 


n 

( 1 — e i2jla ) I = 2m ( 2 R es / ( z ) + Res / (z) ) , 

' fc=l Z—2 h 2=00 ' 


which yields (29.28). 

Now we have to find the residue at point z = 00, assuming that 
R ( 2 ) is regular at this point, i.e. 


R ( z ) — c o + “ 7 ^+ . . . , I z | > R. 

We expand h ( 2 ) = z _ ^ ) a in a Laurent series about 2 = 00. We 
have (see Example 17 in Sec. 24) h ( 2 ) = h (00) g ( 2 ), where 

s r ( 2 ) = ( 1 — tF = 1 +t+--- 

is regular at point 2 = 00, g(oo) = 1 . Here h (00) = e ~ 

(p 2 = A Vl arg 2 , cp 2 = A yx arg (2 — 1), and is a curve that con- 

nects a point on the upper bank of the cut with a point x Q > 1 on 
the real axis (Fig. 74). Since cp x = 0 and q ) 2 = — Ji» we can write 
h (00) = e ian . Hence, 

/ ( 2 ) — h ( 2 ) R ( 2 ) = h (00) g ( 2 ) R ( 2 ) 

r=g i^( Co + ? g . o±^ + ...) > 
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whence 

Res f (z) = — e ina (occ 0 + c . 

• 2=00 

In particular, if point z = oo is a first order zero for R (z), i.e. c 0 = 
0 and 0, then 

Res f(z)= —e iJla c^. (29.31) 

Z=sCO 

Remark 4 . The above method of evaluating integrals of the type 
(29.27) can be applied without any modifications to integrals of the 
type 

/= j (i^rr) a tf 

a 

where R (x) is a rational function, and — 

In this case we have 


Res/(z) = — e ia:l [occ 0 (b — a) c_ t ], 
2 = 00 

since 


(■s-r— (‘-f)*( 1 -f)--‘“(‘ 


a (b — a) 



Example 10. Let us evaluate the integral 



— 1 < a < 1. 


The function R ( z ) = 1 /(z -f- 1) has only one (simple) pole, at point 
z = — 1. Formula (29.28) yields 


I 


2 ni 

1 — e i2jia 


(Res /(z) + Res /(z)), 


where / (z) = h (z) R (z) = ( . We have 

Res /( z ) = fe(_l)=( T i_)“ = i , 

where fc( — 1) = 2 _a e ia((jpl “ <1) *\ <p t = jt and ; <p 2 = 0. Hence, 

Res / (z) = 2~ a e ina . 

2=-l 

Since i? (z) = -^ . . . , we obtain, via (29.31), 

Res f (z)= — e iaJX . 
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This yields 


2nie'‘ xn 
l — e i2an 


(2-“-l) 


n(l — 2~ a ) 
sin an 


□ 


Example 11. We wish to evaluate the integral 


1 = 


i—x 


dx 

( x + 2) 2 


Point z = o o is a second order zero for R (z) = 1 /(z -f 2) 2 , while 
h (z) = (z/(l — z )) -1 / 2 is regular at this point. Hence, point z = oo 
is a second order zero for f (z) = h (z) R (z) and therefore Res f (z) = 

0 (see Sec. 28.3). 

Formula (29.28) yields / = ni Res / (z), since a = —1/2. 

We have Res / (z) = h'(— 2), where h (z) = (1/z — l) 1 / 2 . Using 

2=- 2 

Example 25 in Sec. 24, we find that 

h ( — 2) = [-2 T(z) [t~ 1 ) ] z =-2 ~ ~ 8ft (-2) ’ 


where fe( — 2) = ]^3/2 e { 1 / 2 > ( p, cp = ji. Hence, h ( — 2) = — i 3/2 
and Res / (z) = — i/4]^6. From this we find that 7 = jx/4]/ r 6. □ 

z =- 2 

Example 12. Let us evaluate the integral 

1 y A (l — x) (l+x)3 


-1 


1- 


- dx . 


In the complex z plane with a cut along [ — 1, 1] we isolate the 
regular branch of ^(1 — z) (1 + z) 3 that is positive on the upper 
bank of the cut and denote it by h (z), so that h (x -j- iO) = h (x) = 

V (1 — x) (1 + x)* >0, -l<i<l. Then h (x) = h (x — 

iO) = e^ M ! 2 h (x) = — ih (x) is the value of h (z) on the lower bank 
of the cut (see Example 16 of Sec. 24). 

We introduce the notation R ( z ) = 1/(1 -f- z 2 ), / (z) = h (z)R (z), 
and consider the contour T (Fig. 75) consisting of the segments 
[— 1, 1] and [1, —1] lying on the upper and lower banks of the cut, 
respectively. By the residue theorem (Theorem 2 of Sec. 28), 
i -l _ 

f / (x) dx + f / ( x ) dx = 2 ni (Res f (z) + Res / (z) + Res / (z)) , 

J 2=1 Z=-i 2=00 

where f (x) = — if (x). Let us find thesej residues. Here 
Res f (z) = (i h (z)/2z) z = ±i . To find the values of the power function 

z = ±i 
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h ( z ) at points i and — i, we must first calculate cp^ = A Yft arg(z — 1) 
and cp^ = A Yk arg (z -j- 1), where the y k ( k = 1, 2) are curves 



that connect point 0 + iO with points i and — U respectively 
(Fig. 75). We have 

h(i)= | h(i) | ^ (i/4)(<p i 1)+3<p 2 1) , 

where h ( i ) = Y 2, cpi l> = — ji/4, cp 2 1} = Ji/4 (Fig. 75), h ( i ) = 
]/ 2 e ijT / 8 , and 

Res /(z)= 7rx eim - 

z=i V £ 

Similarly, h (- i) = /2e <i/4)<<r i 2>+3q, 2 21 =/2e* (“/«)» (Fig. 75) and 

Res / (z) = L-eiO/s)* 

z=-i y 2 

Now let us find the residue at z = oo. We have 

M*) = -^- = M«>) (1 — — ) (i+t) 

= h i(°°) (i +4r^ • • ) > 

where (oo) = 6 l(1/4)(<p i 3)+3(p 2 3)) , cp‘ 3) = A Y3 arg (z — 1), q4 3 ' = 

A y , arg(z+l), and y s is a curve connecting point O + iO with a 
point ^ 0 >1 (Fig. 75). Here cp{ 3) = — it and (p2 3, =0. Consequently, 
h x (oo) = e W 4 ) and 

h (z) = e - 1 w 4 ) (z + y+...). 
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Moreover 

n*) = h{z)R(z) 


whence 


Tlie final result is 


— £— iit/4 




r 


Res / (z) = — e“ in / 4 . 
2=00 


(1 + i)i = y 2 k (e ilT/8 + — 1/ 2 «<*/*), 

which yields 7 = 2 cos — 1 ) . □ 


Example 13. Let us evaluate the integral 

\ ,r x ( 1 — a:) 3 


'-I 


o 


(1 + *) 8 


■ dx. 


Suppose h ( z ) is the regular branch of z (1 — z) 3 that in the com- 
plex z plane with a cut along [0, 1] assumes positive values on the 
upper bank of the cut, i.e. h (x + iO) = h {x) = V x (1 — .r) 3 '>0, 

0 c x < 1. Then h (x — iO) = h (x) = ih (x). We write / (z) = 
h (z) R (z), with /? (z) = 1/(1 + z) 3 . We have 

f& = f(x- to) = </ (*). 

By the residue theorem (Theorem 2 of Sec. 28), 

1 o 

/(*))• 



Let us calculate the two residues. Since point z = oo is a second or- 
der zero for / (z) ( R (z) ~ l/'z 3 and h (z) ~ ^4z as z-*- oo), we can write 

Res / (z) = 0. 

2=00 


Point z = — 1 is a third order pole for / (z) and, by virtue of (28.8),. 
we have Res / (z) = \h" (—1), with h" (—1) = —3 X 8~ 7/4 e iJt/4 

2= - i z 

(see Example 25 in Sec. 24), i.e. 

Res / (z) -- — r|- 8 _7 / 4 e iJT/4 . 

2= — 1 Z 
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The final result is e“ iJl / 4 I = — 3ji8“ 7 / 4 ie iJl £ 4 , which yields 

/ = 3nj^2/64. □ 

oo 

29.6 Integrals of the type /= ^ x a ~ l (In x^R (x) dx Let us 
consider integrals of the type 

. oo 

1= j a:*- 1 (In x) m R ( X ) dx. (29.32) 

0 

Here a is a real number, m a positive integer, and R (x) a rational 
function of x. We will assume that R (x) satisfies the same conditions 
as specified in Sec. 29.4. Then the integral (29.32) has a finite value 
if and only if conditions (29.19) are met, since the factor (In x) m does 
not change the convergence of (29.32). 

Note that the integral (29.32) can be obtained from (29.18) by 
differentiating with respect to parameter a. Indeed, 

oo oo 

j x a ~ i R (x) dx= \ | x cc ~ 1 In xR (x) dx. 
o o 

Differentiating (29.18) m times with respect to a, we arrive at 
(29.32). 

Another way to evaluate (29.32) is to apply the residue theory 
directly. Suppose D is the complex z plane with a cut along [0, +oo) 
and h (z) = z a_1 is the regular branch of z 06 in D (Sec. 29.4) that 
is positive on the upper bank of the cut. We fix the logarithm’s regu- 
lar branch that assumes real values on the upper bank of the cut 
and denote it by In z. Then in D we have 

In z = In | z | + £ arg z, 0 < arg z <C 2n. 

On the upper bank, z = x + iO (x >0), arg z = 0, and 

In (x + iO) = In x . 

On the lower bank, z = x — iO = x (x >0), arg z = 2jt, and 
In (x — iO) = In x = In x + *2ji. 

We introduce the notation / (z) = h (z) (In z) m R (z) = z a ~ 
{In z) m R (z). Then / (x -f £0) = f (x) = x a ~ x (In x) m R (x) is the 
integrand in (29.32), while 

/ (x — £0) = f (x) — e l27l(X x a ~ 1 (In x + 2ni) m R (x) 

is the value of / (z) on the lower bank of the cut. 
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Consider the integral 


J f(z)dz, (29.33) 

r p, R 

where T 9tR is the contour depicted in Fig. 72. Then, by Lemma 3, 
the integrals along C R and C p tend to zero as R-* oo and p-^0. 
Just as in Sec. 29.4, we have 

oo 

\ [/ i x ) — f (^)l d x = 2ju 2 ^ es f ( z )y (29.34) 

o 2==2 fc 

where the residues are taken at all the poles of R (z). 

Let us consider two cases. 

(1) a is a noninteger. Then the left-hand side of (29.34) contains 

oo 

I (1 — e i2rta ), as well as (at m > 1) integrals of the type j#*" 1 x 

o 

(In x) s R (x) dx , where 0^ m — 1. For instance, at m = 1 
(29.34) yields 

oo n 

(1 — gi 2 na) I — 2j xie i2na f (x) dx = 2ni 2 ^ es (z a ~ i R (z) In z), 

o ft=i 

(29.35) 

where z lt z 2 , . . ., z n are all the poles of R (z). From (29.35) we can go 

oo 

over to / and ^ a ~ 1 R (x) dx . 

o 

(2) a is an integer. Then (29.32) has the form 

oo 

/= j (In x) m R (x) dx, (29.36) 

u 

with/? (x) a rational function. In this case the integrand in (29.33) 
is (lnz) m+1 /? ( z ) instead of (In z) m R (z). Indeed, if / (z) = (In z) m /?(z), 

then / (x) = (In x) m R (x) and / (x) = (In x + 2ni) m R ( x ), and for- 
mula (29.34) does yield the sought-for integral. 

But if R (z) is an even function, then we can take / (z) = 
(In z) m R (z) as the integrand when calculation (29.36) via resi- 
dues; the integration path in this case is the contour r PtR depicted 
in Fig. 71 (see Example 15 below). 
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Example 14. Let us evaluate the integral 


= ) v 


‘/a In x 


dx 


(x+l)* • 


Conditions (29.19) are met (a = 1/2 and k = 2), and (29.35) yields 

r“ 1/2 . . . 

(29.37) 


2/ + 2ju [ * - T-r dx=2ni Res f(z). 

,! (i-fl) z =- 1 


Since point z = — 1 is a second order pole for / ( 2 ), we can write 


Res / (z) = (z~ 1 ' 2 In z) 2 '=-i = [( — ~ z — lnz + T z_1/2 ] 2= _, > 
where (z _1/2 ) z =-i = e~ iJl/2 = — i, and (In z) 2= ^ 1 = in. Hence, 

Res f(z) = -^ + i. 

Equating in (29.37) the real and imaginary parts in the left- and right- 
hand sides, we find that 


r x ~ 1/2 ji 

/=— Ji, j (x + l)2 dx = ~2' 1=1 

0 

Example 15. Let us evaluate the integral 

/ = \ — s~ r— iT dx, a > 0. 
x*-\ -a £ 7 

0 


We take the contour r p>H depicted in Fig. 71. Consider the integral 
/ p , R = \ / ( 2 ) dz — 2jxi Res / ( 2 ), 

p *' z=ia 

V R 

where / ( 2 ) = * s ^he re g u l ar branch of the logarithm that 

assumes positive values at 2 = x >0. The integrals along the 
semicircles C p and C R tend to zero as p 0 and R-+ 00 , since 

|/(z) I < M, I lnp I (Z6C P ) and I / ( 2 ) I < M 2 (z 6 C R ). 

Here Res / (z) = In a + tn/2 . Going over to the 

z = i a \ Zz Jz = ia Zai 

limit asp -> 0 and oo and bearing in mind that 

I f{x) dx=] ln J+^ dx = I + mj , 

- oo 0 0 



Evaluating Definite Integrals 253 


we obtain 


whence 



dx 

x 2 ~j~a 2 


T- ( lna + *-f)> 


/ = ^-lna. □ 

The method we have just discussed makes it possible to evaluate 
integrals of the type 

b 

/= I"* (*>**» (29-38) 

a 

where a and b are real numbers (a < b), and m is a nonnegative 
integer. 

Suppose m = 0, a = 0, and b = oo. Then (29.38) takes the form 

oo 

I = j R (x) dx , 

0 

where R ( x ) is a rational function that satisfies the conditions stated 
in Sec. 29.4. If R (x) is an even function, then 

oo 

/ = -y j R (x) dx, 


and we can evaluate the integral by the method described in Sec. 29.2. 

But what happens if R (x) is not an even function? Then we must 
consider the integral 

T p. b= \ 1 ° zR ( 2 ) dz, 

r ; R 

where T PiR is the contour depicted in Fig. 72, and In z is a regular 
branch of the logarithm. 

Example 16. Let us evaluate the integral 

00 

j C dx 

l - J (*»+i)* 

0 

Here R (z) = l/(z 3 -|- l) 2 , / (z) = R(z) In z, / ( x ) = (In x)/(x 3 -)- l) 2 , 
and / (x) = f (x) -{- 2nil(x 3 + l) 2 . In view of (29.34) we have 

3 

/ = — 2 R es / ( z ), 

h = l7=Z k 
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where Zfe = e (2ft+1)iJl/3 , k= 1, 2, 3. Since point z t is a second 
order pole for f ( z ) = ^ , we can write 

£g /(,) ° -«,)» ]«, 

1 2 [2z! — (gjj + za)] In z t 

Zi (Zi — Z 2 ) a (Zl — Z 3) 2 («X — 2z) S (* 1 — *s) S 

Using the formulas In z 1 = in, (z 1 — z 2 ) (z x — z 3 ) = (z 3 -f- !)/=*,= 
3zl, zf = — 1, and z x -j- z 2 + z 3 = 0, we find that 

Res/(z) = -^-(l — 2ni). 
z=z. 9 

Similarly, if we take into account that In z 2 = (5/3) Jii and In z 3 — 
(rc/3) i, we find that 

Res/ (z) = -f ( 1 — f ni) , Res / (z) = -J-( 1 — f m) . 

The final result is 



Now let us turn to (29.38). By introducing a new variable, 
y = (x — a)/(b — x), we can rewrite (29.38) 

00 

/ = j R (x) (In x) m dx. 

0 

In conclusion we note that other types of integrals that can be 
evaluated by using the theory of residues can be found in Evgra- 
fov et al. [1] and Lavrent’ev and Shabat [1]. 

Here is another example. 

Example 17. Let us evaluate the integral 

oo 

V e~ a * 2 cos bx dx, a > 0. 

o 

Suppose r„ is the boundary of a rectangle with its vertices at 
z l =—R, z 2 == — -R “h ■gjj’ ^ > z 3 = R ~ 2 a z 4 = -^» 


with R >0. Consider the function 
/(z) = e-«% 


z = x + iy. 
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By Cauchy’s integral theorem 

j e-™ 2 dz = 0. (29.39) 

On the segments lz ly z 2 ] and lz v z 3 ] we have 

52 

1 /( 2 ) | = e- a <-R 2 -v 2 )sz^e~ aR2+ 


Hence, the integrals of f (z) along these segments tend to zero as 

i?-> oo. If z 6 iz 2 > z 3 ]> then 

/ , . 6 \2 62 .. 

-a l x+i — ) . . . r tbx 

f (z) = e 2a =f(x) e ka , 

and we can rewrite Eq. (29.39) as 
« w » 

\ e~ ax2 dx — e 4a \ e- ax2 ~ lbx dx + a(i?) = 0, (29.40) 

-R -R 

where a (R ) -v 0 as R oo . Since 


j Je-dl= |/i, 


V 

we find that, going over to the limit in (29.40) and isolating the 
real parts, we obtain 


— /* O * 

^ e- a * 2 cos bx dx — — y e 4a . □ 
o 


30 The Argument Principle and Rouche’s Theorem 

30.1 The argument principle 

Theorem 1 Suppose a function f (z) is regular in a domain G 
except , perhaps , at its poles and suppose a domain D is a simply connect- 
ed , bounded domain that lies together with its boundary T in G. 

If f(z) has not a single zero or pole on T, then 

ssJt W dz = N ~ p ' < 30 ' 1) 

r 

where N is the number of zeros and P is the number of poles of f ( z ) 
in D y each counted according to their order. 

Proof. Note that f (z) may have only a finite number of poles 
in D , since otherwise there would be a limit or accumulation point 
of poles (a nonisolated singular point) in G. The number of zeros of 
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/ (z) in D must also be finite, since otherwise there is a limit or 
accumulation point of zeros of f (z) in G and, hence, / (z) = 0 in D, 
by the uniqueness theorem. 

Only the zeros and poles of f (z) can be the singular points of the 
integrand F (z) = f ( z)/f (z), and, according to the residue theorem 
(Sec. 28). the left-hand side of (30.1) is equal to the sum of the 
residues at all the zeros and poles of / (z) that lie in D. 

Suppose point z = a is a zero for / (z) of order n. Then 


/ ( 2 ) = (2 — a) n g (z), 

where g ( z ) is a function regular at point a , g (a) =j£ 0. Hence, 

/' (*) n . g' (z) 


F (z) = - 


f (z) " 2 — a g(z ) ’ 

which yields Res F (z) = n, i.e. the residue of F (z) at a point 

2 — a 

z = a that is a zero for / ( z ) is equal to the order of the zero. 
Similarly, if z = b is a pole of / (z) of order /?, then 

/ ( 2 ) = (z — b)- p h (z). 


where h (z) is a function regular at point b, h (b) = =£ 0. Hence, 


F(z) = 


— P 
z — b 


**(«) 
h (z) ’ 


which yields Res F (z) = — p, i.e. the residue of F (z) at a point 

z=b 

z = b that is a pole for / (z) is equal to the order of the pole taken 
with the minus sum. 

Thus, the left-hand side of (30.1) is equal to the difference be- 
tween the sum of the orders of the zeros of / (z) and the sum of the 
orders of the poles of / (z). The proof of the theorem is complete. 

Remark 1 . Formula (30.1) remains valid for a multiply connected 
domain. 

Corollary Under the conditions of Theorem 1 we can rewrite (30.1) 
thus : 

2 ~ Ap arg f (z) = N — P . (30.2) 


Here Ap arg / (z) is the variation of the argument of f (z) when T is 
traversed once in the positive sense. 

Proof . By hypothesis, / (z) is regular in a neighborhood of T and 
/ (z) = 7 ^= 0 on T. Hence, / (z) ^ 0 in a neighborhood of T, and in this 
neighborhood we can isolate an analytic branch of In / (z). Since 
[In / (z)Y = f (z)I f (z), we can write 

k S Tsr * ■ = m 5 d 0" ■ > < 2 » <*>■ t30 - 3 > 

r r 
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where Ar In / (z) is the variation of In / (z) when T is traversed once 
in the positive sense. But In / (z) = In | / (z) | -f i arg / (z), where 
In | / (z) | is a single-valued function and hence A r In | / (z) | = 0. 
This means that 

A r ln/ (z) = iAparg / (z), 

and (30.3) yields 

2^1'M0 -dz = 2?r Arat ' 8 ' /(z) ’ 

r 

which, by virtue of (30.1), leads to (30.2). 

Equation (30.2) is known as the argument principle. According 



to (30.2), the difference between the number of zeros and the number 
of poles of / (z) inside T is equal to the variation of the argument of 
/ (z) as T is traversed divided by 2 jx. (This is true if / (z) is regular 
inside T and on T, except at a finite number of poles, and does not 
vanish on T.) 

Remark 2. Equation (30.2) remains valid for the case where / (z) 
is regular ini), except at finite number of poles, and is continuous 
up to the boundary T of Z). 

For instance, if / (z) has no poles in D (i.e. P = 0), Eq. (30.2) 
assumes the form 

Ar arg f (z) = N . (30.4) 

What is the geometrical meaning of A r arg / (z)? Suppose T' is the 
image of V (Fig. 76) obtained as a result of the mapping w = / (z). 
As point z traverses the closed contour T completely, the correspon- 
ding point in the w plane traverses T'. The variation of the argument 


17-01641 
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of f (z) on T is determined by the number of complete revolutions 
that vector w does when point w traverses T'. If vector w performs 
not a single complete revolution about point w = 0, the variation 
A r arg f (z) = 0. 

30.2 Rouchc’s theorem To find the number of zeros of a ratio- 
nal function in a given domain we often use the following 

Theorem 2 (Rouche’s theorem) Let f (z) and g (z) be regular in 
a simply connected , bounded domain D and on its boundary I\ and 
suppose that 

I / « I > I * M I (30.5) 

on T. Then f (z) and F (z) = f ( z ) -f- g (z) in D have the same number 
of zeros , counted according to their order. 

Proof. In view of (30.5), f (z) =^= 0 for all z f T. In addition, 
f (z) ¥* 0 on T, since | F (z) | >| / (z) | — | g (z) | >0. Suppose N F 
and N f is the number of zeros in D of F (z) and / (z), respectively. 

By (30.4), 

N f = 2 ^- Ar arg F (z). (30.6) 

Since / (z) 0 on T, for z 6 T the 

relation 

F(z) = f(z) + g(z)=f(z)[ 1+fg] 
implies 

Ar arg F (z) = At arg / (z) 

+ A r arg (l+fjff). (30.7) 



Let us show that the second term on the right-hand side of (30.7) is 
zero. Indeed, when point z traverses T, point w — 1 -f- g (z)// (z) 
traverses the closed curve T^Fig. 77) lying in the circle | w — 1 | < 1, 
since by virtue of (30.5) we can write | w — 1 | = | g ( z)/f (z) | <C 1 
for z 6 T. Consequently, vector w, whose terminal point traverses T\ 
performs not a single complete revolution about point w = 0 and, 
whence, A r arg (1 + g (z)/f (z)) = 0. Thus, (30.6) and (30.7) imply 
that N f = Nf. 

Example 1. Let us find the number of roots of the equation 


z 9 — 6Z 4 -f- 3z — 1 = 0 


in the circle | z | < 1. We introduce the notations / (z) = — 6z 4 
and g (z) = z 9 + 3z — 1. If z 6 T: | z | = 1, then 

1 / (z) | = 6* | g (z) | I z | 9 + 3 | z | -f- 1 = 5, 
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whence | f (z) | > | g (z) | for z £ I\ By Rouche’s theorem, the num- 
ber of roots of the initial equation in the circle | z | < 1 coincides 
with the number of roots of the equation f (z) = — 6 z 4 in this circle, 
i.e. is equal to four. □ 

Example 2 . Let us prove that the equation 

z + X — e z = 0, X >i, (30.8) 

has only one (and real) root in the left half-plane, Re z < 0. 

Let us take a closed contour consisting of the semicircle C R : 

| z | = i?, Re z^I 0 and the segment l : f— iR, ii?]. We put / (z) = 
z + X and g (z) = — e z . On l we have | / (z) | = I X + iy I ^ 
X > 1 and I g (z) | = | e iv | = 1. On the semicircle C R at 
R > X 4- 1 we have 

I/M \>\z \-X = R-X>U \g(z) 1= \e x+iy \ = e*^i 7 

since 0. By Rouche’s theorem, the number of roots of Eq. (30.8) 
in | z | < i?, Re z < 0 for any R > X + 1 is equal to the number 
of roots of the equation z -f- X = 0, or 1. This means that in the 
entire left half-plane the equation has only one root. This root is 
real because the left-hand side of Eq. (30.8) is positive (equal to 
X — 1) for z = x = 0 and tends to — oo as x->- — oo. □ 

Remark 3. Rouche’s theorem remains valid if we replace the condi- 
tion that / (z) and g (z) be regular on the boundary T of D by the 
condition that these functions be continuous up to T, while all other 
conditions remain the same. 

Rouche’s theorem provides an easy method of proving the funda- 
mental theorem of algebra. 

Theorem 3 (the fundamental theorem of algebra) Every poly- 
nomial of degree n with complex valued coefficients has exactly n roots . 
Proof . Suppose 

Pft ( z ) = a o zTl “l - a l Z n 1 4" • • • a n-l z a n 

is an arbitrary polynomial of degree n ( a 0 0). We introduce the 
notations / (z) = a 0 z n and g (z) = ^z 71 ” 1 + . . . + a, n _ x z -f a n . Then 

P n (z) = F (z) = / (z) + g (z). 

Since lim = 0, there is a positive R such that 
2-00 / (*> 

ffh' (30-9) 

for all z: | z | ^ i?. Let T be the circle | z | = R. Since (30.9) is 
valid on T, we can write N F = N f (according to Rouche’s theorem). 
Hut N f = n, since / (z) = a^z n has n zeros in the circle | z | <C R 
(point z=0 is an rath order zero for / (z)). Thus, the number of zeros 
nf F (z) = P n (z) in the circle | z | <C R is n, i.e. the polynomial 


IT* 
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P n ( 2 ) has n zeros in this circle. Since in view of (30.9) F (z) has no 
zeros at \z\^> R, we conclude that the theorem is indeed true. 


31 The Partial-Fraction Expansion 
of Meromorphic Functions 

Here we apply the theory of residues to the problem of partial- 
fraction expansion of meromorphic functions. We start by recalling 
the notion of a meromorphic function (Sec. 19). A function is said to 
be meromorphic if it is regular in every finite part of the complex 
plane except at a finite number of poles. 

In Sec. 19 it was shown that a meromorphic function / ( z ) that 
has a finite number of poles in the entire extended complex plane 
(a rational function) can be represented in the form of the sum of 
a polynomial (the principal part of the Laurent expansion of / (z) 
about point z = oo) and partial fractions (the principal parts of the 
Laurent expansions of / (z) about the poles of / ( z )). This proposition 
can be generalized to include the case of a meromorphic function 
that has an infinite (countable) number of poles in the entire extended 
complex plane. 

31.1 The meromorphic-function expansion theorem We start 
with 

Definition 1. Suppose we have a sequence {r n } of nested closed 
contours T n (r n lies inside r n+1 , n = 1,2,...), all containing point 
z = 0 and such that 

(n = 1,2,...), (31.1) 

a n 

where S n is the length of T n , and d n is the distance between the 
origin of coordinates and curve T n (d n = inf | z |), with 

zGr n 

d n ->- oo (az— >- oo). (31.2) 

We call such a system of contours regular . 

Theorem 1 Suppose all the poles z k (k = 1,2, . . .) of a mero- 
morphic function f (z) that is regular at point z = 0, are simple and 
numbered according to the order in which their absolute values do not 
decrease : | z x | ^ | z 2 | ^ . . . If f (z) is bounded on a regular system 
of contours {r n }, i.e. if 

I / (z) | z6 T n (n = 1, 2, . . .), (31.3) 

then 

oo 

/(*)-/(»)+ s M7^r+-ir). 

h= 1 


(31.4) 
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with A k = Res f (z). The series (31.4) converges uniformly' in every 

z=z k 

bounded domain with the poles of f ( z ) deleted . 

Proof. Consider the integral 

r n 


where z 6 G n (G n is the interior of T n ) and z z h (k = 1, 2, . . .). 
We denote the integrand in (31.5) by F (£). 

The function F (£) has in G n only simple poles: at £ = z and 
£ = z h £ G nl point t = 0 is either a simple pole or a regularity 
point (if / (0) = 0) for F (£). By the residue theorem 

/„(*) = Bes F (£) + Res F(£) 2 Res F(Q. (31.6) 

£=0 S=* z h €G n l=z h 


In view of (28.3) we have 

Res f(tl = [fL 

ResF(£)= T,,, 1 J Res / (Q = /*»* . , 

Substituting (31.7)-(31.9) into (31.6) we obtain 


(31.7) 

(31.8) 

(31.9) 


/,<») = -/W+/M + s 

*h* G n 


which in view of the fact that — r -? = — ( — — ) yields 

Zft (2ft — 2 ) V 2 — Zft Zft } 

/«-/»)+ s < 31 - ,0 > 

z h^n 

We estimate / n ( 2 ). Suppose Z) is a bounded domain. Then there is 
a circle K: | z | < R such that Dcz K. We have 


Tn 

Here | z | < R (z £D c= K), | £ \^d n (d n is the distance between 
Ihe origin of coordinates and the contour T n ), | £ — z |^| £ | — 
\ z I >d n — R, and | / (£) M. Hence, 


IT / \ I - ^ R 

I In ( 2 )l<-^r 


1 


2ji d n ( d n R) 


CMR 

2ft {d n — R) ’ 
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since Cd n > in view of (31.1). This estimate and condition (31.2) 
imply that I n (z)-»-0 as n-* oo uniformly in z £D (z =£ z h , k = 
1 , 2 ,.. .). 

Sending (31.10) to the limit as w-^oo yields 

/ ( z ) — / (0) + lim 2 + (31.11) 

n-+oo ^ z h z h i 

*h £G n 

We can write (31.11) in compact form (31.4) if we assume - ~at sum- 
mation in (31.4) is performed in the following order: first we take 
the terms with poles in the interior of I\, then we add to them the 
terms with poles lying between F x and T 2 , etc. The proof of the theo- 
rem is complete. 

Remark 1. Theorem 1 can be generalized if we replace (31.3) 

by 

|/(z) |z |P, zer n (n = 1,2,...), (31.12) 


where p is a nonnegative integer (the other conditions of Theorem 1 

remaining the same). In this case we 
have 

p- 1 OO 

fW ( 0 ) 





ft =0 


1 


z h 


+i + i + ---+^)- < 3U3 > 

To prove the validity of (31.13) 
we need only apply the residue the- 
orem to the integral 

J_ f Z p / (0 d Y 
2 ni J $P(£-z) 


31.2 The partial-fraction expansion of cot z Consider the func- 
tion cot z — 1/z. It is meromorphic since it has only simple poles 
at points z h = kn (k = ±1, ±2, . . .) and no other finite singular 
points, and Res / (z) =1 (see Example 5 in Sec. 28). We will 

z—hn 

now show that / ( z ) is bounded on the regular system of contours 
{T n }, where T n is the square A n B n C n D n (Fig. 78) centered at point 
z = 0, with sides parallel to the coordinate axes (the length of each 
side is 2a n , with a n = nl2 + nn ( n =0, 1, 2, . . .)). 

We select a point z 6 C n D n . Then z = a n + iy, where — a n ^ 
a n and, hence, 


|cotz|= cot (-y- + + iy^ J = |tan iy\ 


ev—e-y 

el t + e~y 9 
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whence 

| cot z [ ^ 1, 26 C n D n (n = 0, 1, 2, . . .). (31 .14). 

Now let 2 6 B n C n . Then z = x -f ia ni where — . a 


|cot z \ = 


e a ** + l 


O/V 

| l_|_ e *“n e 2ix 

e 2iz_l 


1 l_ e -2 “n e 2i* 




— 2a 

i + e n 

a 2 a 

1 — e 71 


whence 


|cot z|< l+l-n > z£B n C n (« = 0 , 1 , 2 , ...)• (31.15) 

Since | cot ( — 2 ) | = | cot 2 |, we can write the inequalities (31.14) 
and (31.15), respectively, for the sides A n B n and D n A n on the square 
A n B n C n D ni i.e. on T n . Thus, 

I cot 2 I ^ M, 2 £ Tn» AZ = 0, 1, 2, . . .. 


This implies that / ( 2 ) = cot 2 — I /2 is bounded on the system of 
contours {T n }. Moreover, / (0) =0, since / ( 2 ) (regular at point 
2 = 0) is odd. Thus, in (31.4) we can put / (0) =0 and A h = 1 
(/c = 1 , 2 , . . .); consequently, 

co‘*=4-+ <«•«> 

k=-oo 


where the prime on the summation sign means that A: = 7 ^ 0. 

Note that there are exactly two poles in the region between 

and that belong to / ( 2 ), namely, at z k = kn and at z h = — kn. 
Combining in (31.16) the terms with these poles, we obtain 

1 1 , _J 1 2 z 

z — kn ' k n z -)- kn kn z 2 — k 2 n 2 ' 

Thus, we have arrived at the following formula: 

00 

c„u = -L + 2 (31.17) 

h= 1 

Example 1 . Let us find the partial-fraction expansions for the 
following meromorphic functions: (a) tan 2 , (b) l/sin 2 2 , and 

(c) 1 l(e z - 1). 

(a) Since tan 2 = —cot (2 — jx/ 2), formula (31.16) yields 


tan 2 


k = 1 


- 1 V ( 1 1 1 \ 

z — (jt/ 2) " \ z— ( jx/2) — Ajji ' z — (n/2) — kn j 

2 n z +-2“ n / 
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whence 

oo 

tan z= — 2 z 2 — (2k — l) 2 Jt 2 /4 * (31.18) 

h= 1 


(b) Since 1/sin 2 z = — (cot z)', differentiation of the uniformly 
convergent series (31.16) results in 


1 

sin 2 z 


J_+ y' i 

z 2 I Zj J 


fe= - OO 


(z — kn) 2 


s 


k=-oo 


1 

(z— kn) 2 ‘ 


(31.19) 


(c) Since 

1 e -2 / 2 i e~ 2 / 2 — e 2 / 2 -j-e 2 / 2 -(- e -2 / 2 1 , z 

e 2 — 1 “ e 2 / 2 — e” 2 / 2 ^ “2 e z/2_ e -z/a = F COttl ~F ’ 


we can combine (31.17) and the fact that coth t, = i cot (j£) and 
obtain 

1 _ 1 | 1 | v 2z n 

e z — 1 “ 2 ^ z ^ & z 2 + 4/c 2 .'i 2 ‘ U 

fc=l 

Example 2. Let us show that 

oo 

*‘ = S ( 31 - 2 °) 

n=l 

oo 

*2= S = "4^ (nmr +Itacoth an - 2 )> < 31 - 21 ) 

n==l 

assuming that the denominators in (31.20) and (31.21) are nonzero. 
Putting z == ian in (31.17), we obtain 

cot ian = — i coth an = — s*, 

an n 1 


from which (31.20) follows. Formula (31.21) can be found by diffe- 
rentiating (31.20) with respect to a . □ 

31,3 Expansion of an entire function in an infinite product It 
is well known that every polynomial P n (z) of degree n can be repre- 
sented in the form of the product 


P n (z) = A (z — z,)(z — z 2 ) . . . (z — z n ) = A || ( z — z h ), (31.22) 

k = l 

where z lt z 2 , . . ., z n are the roots of P n (z) (there may be multiple 
roots among them). This formula can be generalized (under certain 
conditions) so that it incorporates entire functions. The only intere- 
sting cases arise when the number of roots of an entire function / (z) 
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is countable. Indeed, if / ( z ) is nonzero in the entire complex plane v 
then the function F (z) = In f (z), where we have taken one of the 
regular branches of the logarithm (see Example 6 in Sec. 24), is an 
entire function, with F' (z) = /' (z)/f (z). Whence 

/ (z) =*W. (31.23) 

Moreover, if an entire function / (z) has only a finite number of 
zeros a k (k = 1, 2, . . ., s) and p h is the order of the zero at a h , then 
O (z) =/ (z)/(p (z), where cp (z) = (z — aj) p i . . . (z — a s ) p -% van- 
ishes nowhere and, hence, can be represented in the form (31.23)*. 

from which we arrive at / (z) = (z — «i) Pl . . . (z — a s ) P5 e F(:) , i.e. 

f(z) = e «*> n (31.24) 

*=1 

where F (z) is an entire function. 

Now suppose an entire function / (z) has an infinite number of ze- 
ros. We wish to generalize (31.24) so that it incorporates this case. 
But instead of finite products we will have infinite products. For 
this reason some preliminary information about infinite products 
is in order (the interested reader can refer to Bitsadze [1] and Mark- 
ushevich [1]). 

Definition 2. The infinite product 

0 (1 + a k) (31-25) 

h= 1 

is said to be convergent if all its factors are nonzero and there is 
a finite and nonzero limit A of the sequence of the finite products 

n 

An = [1 (1 
k=i 

Note that a necessary and sufficient condition for the convergence- 
of the infinite product (31.25) is the convergence of the series 

2 ltt(l + tfft)> (31.26) 

k=i 

where — it < arg (1 + a h )^ ji, k = 1, 2, ... 

Definition 2 . The infinite product (31.25) is said to be absolutely 
convergent if the series (31.26) is absolutely convergent. 

It is possible to show that the absolute convergence of the infinite- 
product (31.25) is equivalent to the absolute convergence of the- 
series 


s 




\a h I- 
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The concept of convergence of an infinite product can be naturally 
generalized to the case where the factors of the product are (unctions 
of a complex variable. Consider the infinite product 

0U + /*(*)]. (31-27) 

k=i 

where the f h ( z ) are functions regular in a domain D. 

Definition 4 . The infinite product (31.27) is said to be convergent 
in domain D if its factors (except perhaps a finite number of them) 
•do not vanish in D and if the product of the nonzero factors is con- 
vergent at every point in D. 

Definition 5 . The infinite product (31.27) with its factors being 
nonzero in a domain D is said to be uniformly convergent in domain D 
if the sequence of the functions 


F n ( z ) = ft [1 + /*(*)] 

1 

is uniformly convergent in D . 

If the infinite product (31.27) is uniformly convergent in D, the 
function 


F (z) = lim F n (z) = {] [1 +f k (z)] 

n-+o o k= 1 

is regular in D, by Weierstrass’s first theorem (Sec. 12). 

Theorem 1 on the partial-fraction expansion of meromorphic func- 
tions brings us to the following theorem on the infinite-product 
expansion of entire functions: 

Theorem 2 If an entire function f (z) is such that the meromorphic 
junction F (. z ) = /' (z)/f (z) satisfies the hypothesis of Theorem 1, then 

oo 

/(,) = / (0) e- n (*— i) eZ/Zh ' 5 = (31 - 28) 

h = 1 

The infinite product (31.28) is uniformly convergent in each bounded 
part of the complex plane. 

In this formula each factor (1 — z/z h )e z / zh is repeated the number 
■of times equal to the order of the zero z h . 

Proof. The function F (z) has simple poles at the points z h that are 
the zeros of / (z) and no other poles. Then A h = Res F (z) = n k , 

z=z h 

where n k is the order of the zero z h of / (z) (see Sec. 30). By Theorem 1, 
F(,) = F( 0,+ S (^ + ^). 

ft=l 


(31.29) 
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Since F (z) = ^ [In / (z)], where we have taken an analytic branch 

of the logarithm, we can integrate (31.29) along a curve that connects 
points 0 and z and does not pass through the zeros of / (z) and obtain 

oo 

In / (z) — In / (0) = F (0) 2 -j- 2 [in (l -•£•)+-£-] . (31.30) 

k=i 

Finding the antilogarithm of (31.30), we obtain 

OO 

/(*) = /( 0)e«°)* II ( l —t) eZ ' Zh > 

k = i 

where F (0) = /' (0)// (0). The proof of the theorem is complete. 

Remark 2. Under the conditions specified in Remark 1 formu- 
la (31.28) is replaced by 

oo 

f(z) = e*U n A (2) , 

h= 1 

where h h (z) = ~ + \ (-^-) 2 + • • • and S (z) is a poly- 

nomial whose degree is not higher than p. 

31.4 The infinite-product expansion of sin z Let us take the 
entire function / (z) = (sin z)/z. It has simple zeros at the points 
z h = kn (k = ± 1, ±2, . . .). The function F (z) = /' (z)// (z) = 
cot z — 1/z satisfies the hypothesis of Theorem 2 and, hence, 
(31.28) is valid. Since / (z) = (sin z)/z = 1 — z 2 /3 -f . . ., we find 
that / (0) =1 and /' (0) =0. Then formula (31.28) yields 

^=5 [(*-£)•*(<+£)•'=]• 

1 

Here we have collected the factors that belong to the zeros kn and 
— kn (k = 1, 2, . . .) of sin z. Multiplying the factors inside the 
square brackets, we obtain 

00 

sinz = z II f 1 -- Wtf)- ( 31 - 32 ) 

h = 1 

Example 3 . Let us expand the entire function e z — 1 in an infinite 
product. We have 

e z — 1 = e z/2 ( 6 / ~ — ■“ ) = eZ/2 sinh . 
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Employing (31.32) and the fact that sinh £ = — i sin z£, we obtain 

oo 

e-~\-ze-n JI (1+5^3). □ 

h= 1 

31.5 Inversion of power series We conclude this chapter by an 
example that illustrates another application of the theory of residues. 
We wish to find the inverse of a power series, i.e. find the coeffi- 
cients in the series 


z~h (w) = 2 b n (w— w Q ) n , (31.33) 

n = 0 

where z = h ( w ) is the inverse of the function that is regular at 
point z 0 : 

00 

W = f (z)= 2 a n (z — z 0 ) n , /' (z 0 )# 0, Wq = f (z 0 ) . 

n= 0 


Since f (z 0 ) ^ 0, we can apply the inversion function theorem 
(Sec. 13). This theorem implies that there are two circles, K: | z — 
2 0 |<p and K ± : \ w — w 0 | < Pi, such that for each point w 6 K y 
the equation / (z) = w has a unique solution z 6 K. This defines 
a single-valued function z = h (w) that is regular in K x . Let us find 
the coefficient in the expansion (31.33) of this function. 

Consider the integral 

< 31 - 34 > 

V 

where y is the boundary of K, and w £ K ± . The integrand, which we 
denote by F (£), is regular in the interior of y except at point z = 
h ( w ), which is a simple pole for F (£). The residue theorem then 
yields 

I (w) = Res F (£) = r . , 5/,' — w 1 =h(w) = z, 

z=h(w) L (/(£)— “0 Jt=M») v ' 

i.e. 

»<-) = EiJ Tpt* < 3L35 > 

V 

We have 


11 1 (w— Wq) 71 

0 A w — w 0 - & (/ (£) w 0 ) n+1 * 

/ (t) (w*) n=0 


(31.36) 


The series in (31.36) is uniformly convergent in C (S 6 y)> since 
I w — w 0 | < p, (w E ^i) and | f (Q — w 0 |> p x (£ € y)- Multi- 
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plying (31.36) by (1/2j xi) £ f (£) and integrating termwise along y, 
we obtain 


z = h(w)= S b n {w — w 0 ) n , 

n= 0 


where 


b =_l e 

n 2 ni .) 


t/(C)-^ 0 ] n+l 


(» = 0, 1, 2, ...). (31.37) 


Here 6 0 = z 0 . When n is nonzero ( n ^ 1), integration by parts yields 


(31.38) 


2ji in J [/(£) — 14? 0 ] 


The integrand in (31.38) has only one singular point in the interior 
of y, and rcth order pole at £ = z 0 . Calculating the residue via 
(28.7) yields 

"“‘• 2 < 31 - 39 > 

The series (31.33) whose coefficients are calculated via (31.39) ( b 0 = 
z 0 ) is known as the Burmann- Lagrange series. 

Here are the formulas that enable calculating the coefficients 6 lf 
b 2 , and b 3 in (31.33) in terms of the coefficients a n in the series 


We have 


/(z)= 2 a n (z z 0 ) n . 

71=0 


b i = T » fe 2=— TT! ^3=Tr(2a 2 2 -aia 3 ). 


Example 4. Let us take / (z) = ze~ a2 (z 0 = 0 and w 0 = 0). Then, 
employing (31.39), we find that 

7 1 t . d n_1 , anz x (arc) 71-1 

and, hence, 


2 □ 
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Conformal Mapping 


The concept of a conformal mapping was introduced in Sec. 8. This 
chapter considers the basis properties of conformal mappings and 
studies in detail the various mappings performed by elementary 
functions. 

32 Local Properties of Mappings Performed by 
Regular Functions 

32.1 The inverse function theorem In Sec. 13 we proved the in- 
verse function theorem for a function / (z) that is regular at a point z 0 
when f (z 0 ) =£ 0. But what happens when f (z 0 ) = 0? 

Theorem 1 S uppose a function w = / (z) is regular at a point 
z 0 =/= oo and 

f (*o) = 1" (*o) = • . . = / (n - X) (*o) = 0, /w (z 0 ) =*= 0, 

where n^ 2. Then there are neighborhoods U and V of points z 0 and 
w 0 = f (z 0 ), respectively , and a function z (w) such that 

(a) the equation f (z) = w (with respect to z) has for each point w 6 
V, w w 0 , exactly n different solutions z —• i|) (w) that belong to U y 

(b) the function z = (w) is analytic in V , w ^ w 0 , and 

f (i|) (w)) = w, w 6 V. (32.1) 

From (32.1) it follows that z = xp (m?) is the inverse of w =f (z), 
z 6 U. In view of (a), the inverse function is n-valued in V, w w 0 . 
Proof. Point z 0 , by hypothesis, is an rcth order zero for the function 

/ (z) — / (z 0 ). i-e. 

w — w 0 = / (z) — / (z 0 ) = (z — z a ) n h (z), 

where h (z) is regular at point z Q , h (z 0 ) =/=0 (see Sec. 12.5). Introduc- 
ing the notation w — w 0 = £ n , we obtain £ n = (z — z 0 ) n h (z), 

whence £ == (z — z^^h (z). The function \f h (z) splits in a neigh- 
borhood of point z 0 into regular branches, since h (z 0 ) 0 (see 

Sec. 24.2). Suppose fej (z) is one such branch and £ = (z — z 0 ) h x (z). 
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Then we can write w = / (z) as a sum of two regular functions: 

w = w 0 + £ n , (32. 2) 

£ = £(*)=(*- 2 0 )Ai (z), (32. 3> 

where (z) is regular at point z 0 , h { ( z 0 ) =^= 0. 

The function specified by (32.3) satisfies the hypothesis of the- 
theorem of Sec. 13, since £' (z 0 ) = h x (z 0 ) ^ 0. According to that 
theorem, there is a neighborhood U of point z 0 which the function 
£ = £ (z) maps in a one-to-one manner onto a circle K : | £ | << p, 
P >0 (to = £ ( z o) = 0). The function that is the inverse of £ = 
£(z), z 6 t/, is z = g (£) regular in AT. 

The function £ = (/" iz; — w 0 that is the inverse of (32.2) is n- val- 
ued and analytic in the annulus V: 0 <C | w — w 0 | < p n (seo 
Sec. 22). Hence, the function z = i|) (w) = g (Y w — w 0 ), which is 
the inverse of w = f (z), z £ U, is n-valued and analytic in the annu- 
lus F, since it is a combination of a regular function and an analytic 
function (see Sec. 22). 

Corollary 1 Under the conditions of Theorem i, point w 0 is an 
algebraic branch point of multiplicity n for the function z = ( w ), 
the inverse of w = f (z), and in a neighborhood of point w 0 the following 
series expansion holds : 

lH^)= S c h (Vw— Wo) h , 

fc =0 


where c 0 = z 0 and c t ^ 0. 

oo 

Indeed, ( w ) = g(Y w — w 0 ) and g (Q = where c 0 =. 

a= o 

g (0) = z 0 and c 1 =^= 0, since if we use (32.3) and the formula for 
the derivative of the inverse function (see formula (13.2)), we have 


c i = g' (0) = ■ 


: 0 . 


The proof of Theorem 1 leads to 

Corollary 2 Under the conditions of Theorem 1 , there is a function 
z = g (£), z 0 = g (0), is regular at point £ = 0 and such that 

1 ( g (£)) = / (zo) + 


in a neighborhood of point £ = 0. The derivative of f at point £ = 0 is 


g' (0) = 


»/_n L _ 

* /(") (* 0 ) ' 


Example 1. Suppose a point z 0 is a pole for / (z). Consider the* 
equation 


/(*) =A. 


(32.4) 
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Suppose U is a small neighborhood of point z 0 . We will show that 

there is an a such that for every A that satisfies the inequality 

\A | >a Eq. (32.4) has exactly n different solutions belonging 
to U, where n is the order of the pole z 0 of / (z). 

(i) If Zq = 7 ^= oo , then g (z) = 1 If (z) is regular at point z 0 and 

g (*o) = g' (z 0 ) = • • • = g {n ~ 1] (*o) = 0, g (n) (z 0 ) =£ 0 (see Sec. 18). 

From Sec. 13 and Theorem 1 it follows that the equation g (z) = 1/4, 
which is equivalent to Eq. (32.4), has exactly n different roots z 6 U 
if 1/ 1 A | < e for a positive e. 

(ii) If z 0 = oo, we consider the one-to-one mapping £ = i/z of 
•a neighborhood of point z = 6 b onto a neighborhood of point £ = 0 
(Sec. 8). Then the number of solutions of Eq. (32.4) in a neighborhood 
of point z = oo coincides with the number of solutions of the equa- 
tion / (1/ £) = A in a neighborhood of point £ =0. The function h ( £) = 
= / (l/£) has an nth order zero at £ = 0 (see Sec. 18). Hence, as in 
the case (i), the equation h (£) = A has exactly n solutions. □ 

32.2 Univalent functions The definition of univalence in a 
domain was given in Sec. 8. Now we will introduce the concept of 
univalence at a point. 

Definition. A function / (z) is said to be univalent at a point z 0 
if it is univalent in a neighborhood of point z 0 . 

It is obvious that a function univalent in a domain is univalent 
at each point of this domain. However, the converse is not generally 
true, i.e. a function that is univalent at each point of a domain may 
not be univalent in this domain (see Example 5 below). 

Let us give the criteria of univalence at a point. 

Theorem 2 A function f ( z ) that is regular at a point z 0 =^= oo is 
univalent at this point if and only if /' ( z 0 ) 0. 

Proof . Necessity. If /' (z 0 ) = 0 and / (z) =jk const, then, by Theo- 
rem 1, in any neighborhood of point z 0 there are two different points 
z x and z 2 such that /(z x ) and / (z 2 ), i.e. / (z) is not univalent at point z 0 . 
Obviously, the function / (z) = const is not univalent at z 0 either. 

Sufficiency . If /' (z 0 ) ^ 0, then, by the theorem of Sec. 13, the 
function / (z) is univalent at point z 0 . 

Corollary 3 The function 

f(z)=c 0 + lf + ±2.+ ..., 1 2 1 > R, 

regular at point z = oo is univalent at this point if and only if c_, = 

— Res / (z) =/= 0. 

2=00 

Proof . Consider the function 

g (£) = / (l/£) = c o "h c -i^> “I - c - 2 ^> 2 T" • • •» | £ | < lAff* 

regular at point £ = 0. The function £ = 1/z maps in a one-to-one 
manner the neighborhood | z | > R of point z = oo onto the neigh- 



Local Properties of Mappings 273 


borhood | £ I < HR of point £ =0 (see Sec. 8). Hence, f (z) is 
univalent at point z = oo if and only if g (£) is univalent at point 
£ = 0, i.e., by Theorem 2, we must ensure that g' (0) = 0. 

Corollary 4 A function f ( z ) with a pole at a point z 0 (finite or at 
infinity) is univalent at this point if and only if this pole is simple 
(of the first order). 

To prove this proposition we need only apply Theorem 2 (or Corolla- 
ry 3 if z 0 = oo) to the function 1// (z). Corollary 4 also follows from 
Example 1. 

Example 2. (a) The function f (z) = z 2 j is univalent at every 
point of the extended complex plane except points 0 and oo. 

(b) The function / (z) = 1/z 2 is univalent at every point of the 
extended complex plane except at points 0 and oo. □ 

Example 3 . If a point z 0 is an essential singularity for a function 
/ (z), this function is not univalent at z 0 . Indeed, in every neigh- 
borhood of point z 0 the equation / (z) = A has, according to Picard’s 
second theorem (Sec. 19), an infinite number of solutions for every 
value of A except, perhaps, one, i.e. / (z) is not univalent at 
point z 0 . □ 

Example 4. Suppose a function / (z) is regular in a domain D 
everywhere except at two points, z ± and z 2 , that are poles for / (z). 
Let us show that this function is not univalent in D. Indeed, if 
| A | is large, then the equation / (z) = A has at least two solutions 

z t and z 2 with point Zj lying close to point Zj (j = 1, 2) (Example 1), 
i.e. / (z) is not univalent in D. □ 

Example 5 . (a) The function / (z) = e z is univalent at every point 
z =7^=00, but is not univalent in the entire complex plane. Indeed, 
at all points z k = a -\-2kni (k =0, ±1, ±2, . . .) the function 
assumes the same value e a . 

(b) The function / (z) = z 2 is univalent at every point of the 
annulus 1 <C | z | <C 3, but is not univalent in this annulus since 
/ (z) is an even function: / (z) = / ( — z). □ 

Let us now summarize. Suppose a function / (z) is regular and 
univalent in a domain D with the points z lT z 2 , . . ., z n deleted. 
Neither an essential singularity of / (z) (Example 3) nor two poles 
(Example 4) can be among these points z h (k = 1, 2, . . ., n). Hence, 
/ (z) can have only one pole, which must be a first order one (Corol- 
lary 4). 

Thus, the necessary conditions for the univalence of / (z) in a do- 
main D are the following: 

(1) / (z) must be regular in D everywhere except, perhaps, one 
point, a simple pole for / (z). 

(2) at every finite point z at which / (z) is regular the de- 
rivative /' (z) must be nonzero; 

(3) if point z = oo belongs to D and at this point the function 
/ (z) is regular, then we must have c_ x = —Res / (z) =^= 0. 

Z=oo 


1 8—0164 1 
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Conditions (l)-(3) are not, generally speaking, sufficient for a func- 
tion to be univalent in a domain (see Example 5). We will consider 
the sufficient conditions in Sec. 33. 

32.3 The principle of domain preservation 

Theorem 3 (the principle of domain preservation) Suppose a junc- 
tion f (z) is regular in a domain D and f (z) =?k const. Then under the 
mapping w = j (z) the domain D is transformed into a domain . 

Proof . Let G be the image of D obtained as a result of the mapping 
w = f (z). Let us show that G is an open set. Suppose point w 0 
belongs to G , i.e. w 0 = / (z 0 ), where z 0 £D. By Theorem 1 and the 
theorem of Sec. 13, for any point w in a small neighborhood of point w 0 
there is at least one point z in a neighborhood of point z 0 such that 
w = / (z), i.e. w 6 G. Thus, there is a neighborhood of w 0 belonging 
entirely to G. 

The connectedness of G 0 follows from the continuity of the map- 
ping w = /(z), since under such a mapping the image of any contin- 
uous curve lying in D is a continuous curve consisting entirely of 
points belonging to set G. Hence, G is an open connected set, or a do- 
main. 

Corollary 5 Let a function f (z) be regular in a domain D of the 
extended complex plane except , perhaps , at the poles of f (z), and 
f (z) =£ const. Then the function w = / (z) maps D onto a domain in 
the extended complex z plane . 

Proof. Consider the case where / ( z ) has one pole at a finite point 
z 0 £D. For other cases the proof is similar. 

Suppose D 0 is the domain D with point z 0 deleted. By Theorem 3, 
w = / (z) maps D 0 onto the domain G 0 . Example 1 implies that 
there is an annulus R < | w | < oo that belongs to G 0 . Hence, the 
set G = G 0 U {w = oo} is a domain. 

32.4 The maximum modulus principle 

Theorem 4 Suppose a function f (z) is regular in a bounded domain D , 
is continuous up to the boundary of D , and is not a constant . Then the 
maximum of the modulus of this function , 

max |/ (z)|, 

zED 

is attained only on the boundary of D. 

Proof. Consider the point z 0 £Z). We wish to prove that there is 
a point z 2 such that | / (zj) | > | / (z 0 ) |. By Theorem 3, the 
image of D obtained as a result of the mapping w = f (z) is a do- 
main G for which point w 0 = f (z 0 ) is an interior point. This means 
we can select a point w 1 6 G lying on the straight line connecting 
points 0 and w 0 and such that | w 1 | > | w 0 | (Fig. 79). The point u\ 
is the image of a point z x i.e. w 1 = / (z x ). Hence, \f (z x ) | >• 

| / (z 0 ) |. The proof of the theorem is complete. 

Corollary G If a junction f (z) =£ const is regular in a domain D, 
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then | f (z) | cannot have a local maximum at an interior point of D. 

Indeed, Theorem 4 implies that in any neighborhood of point z 0 £ 
D there is a point z 1 such that | / (%) | > | / (z 0 ) |. 

Corollary 7 If a function f (z) =^= const that is regular in a domain 
D has no zeros in D, then | f (z) | cannot attain its minimum at an inte- 
rior point of D. 

Indeed, in this case the function 1// (z) is regular in D and, by 



Theorem 4, any neighborhood of a point z 0 6 Z) contains a point 
Zi e D such that | 1// (z,) | > | 1/f (z 0 ) |, he. | / (z x ) | < | f (z 0 ) |. 

Example 6. Let a function / (z) const be regular in a bounded 
domain D, is continuous up to the boundary T of D, and | / (z) | 2er = 
c = const. Let us show that / (z) has at least one zero in D. 

Indeed, if f (z) =/= 0 for all z £D, then, by virtue of Corollary 7, 
we find that | / (z) | for z £D, which contradicts Theorem 4: 
|/ (z) | < c for z £D. □ 

Schwarz’s lemma Suppose a junction f (z) is regular in the circle 
z | < 1, / (0) =0, and | f (z) | < 1 for | z | < 1. Then 

i /oo: k i* i 

in the entire circle | z | < 1. If at least at one point z 0 in the circle 
| z | <C 1 we have \ f (z) | = | z |, then 

f (z) =e ia z, 

where a is a real number . 

Proof . Consider the function g (z) = f (: z)lz . It is regular in the cir- 
cle \z | < 1, since / (0) =0 (Sec. 18). On the boundary | z | = p, 
0 < p < 1, of this circle we have | g (z) | = | / (z) | / | z | < 1/p. 

Consequently, Theorem 4 states that | g (z) | < 1/p in the entire 

circle | z p. Since p can be taken as close to unity as desired, we 
can write | g (z) 1, i.e. | / (z) | z | for | z | < 1. 

Moreover, if at a point z 0 (| z 0 | < 1) the function | g (z) | attains 

its maximum, i.e. | g (z 0 ) | = 1, then g (z) = const (Corollary 6) r 
i.e. g (z) = e ia and / (z) = e ia z. 


18 * 
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The following maximum and minimum principle for harmonic 
functions is valid: 

Theorem 5 Suppose a function u ( x , y) that is harmonic in a bound- 
ed domain D is continuous up to the boundary of D and u (, x , y) =£ 
const. Then both the maximum and the minimum of this function 
are attained only on the boundary of D. 

Note that it is sufficient to prove the theorem for the case of a max- 
imum, since the maximum of a harmonic function u (x, y) coin- 
cides with the minimum of — u(x, y), which is also a harmonic func- 
tion. 

Proof. Suppose the opposite statement is true, i.e. the maximum 
of u {x, y) is attained at an interior point z 0 =x 0 -f- iy 0 of D. Consid- 
er a simply connected domain D lying inside D and containing 
point z 0 . In D x there is a regular function f (z) such that Re f (z) = 
u (x, y) (see Sec. 7). Then the function g (z) = e f ^ is regular in D x 
and its modulus, | g (z) | =e u (*,y), attains its maximum at point z 0 . 
Hence, g (z) = const (Theorem 4), from which it follows that 
f (z) = const and u (x, y) = const for z £ D x . Since is selected 
arbitrarily, we have u (x, y) = const for z which contradicts 
the hypothesis. The proof of the theorem is complete. 

33 General Properties of Conformal Mappings 

33.1 The definition of a conformal mapping In Sec. 8 we gave 
a definition of a conformal mapping for domains without the point 
at infinity. There we noted that such mappings are performed by 
univalent regular functions. For domains that include the point at 
infinity we introduce the following. 

Definition!. The mapping w =/ ( z ) of the domain D in the extend- 
ed complex z plane onto a domain G in the extended complex w 
plane is said to be conformal if 

(a) it is one-to-one, i.e. / (z) is univalent in D ; 

(b) the function / (z) is regular in D everywhere except, perhaps, 
a single point, where the function has a simple pole. 

Let us now consider the local properties of a conformal mapping 
w = f (z) in a neighborhood of a finite point z 0 at which f (z) is regu- 
lar. Since /' (z 0 ) =£=■ 0 is the criterion for the univalence of / (z) at 
point z 0 (see Sec. 32), the geometrical meaning of the derivative 
(Sec. 8) yields the following two properties of conformal mappings: 

(1) Constancy of stretching. The linear stretching at point z 0 is the 
same for all the curves passing through z 0 and is equal to | /' (z 0 ) |. 

(2) Preservation of the angle between curves. All curves that pass 
through z 0 are rotated through the same angle arg /' (z 0 ). 

Here are some properties of conformal mappings: 

(3) A mapping that is the inverse of a conformal mapping is also 
conformal . 



General Properties of Conformal Mappings 277 

(4) A combination of two conformal mappings is a conformal map- 
ping- 

These properties follow from Definition 1 and the properties of 
univalent and inverse functions (Secs. 8, 13, and 32). 

33.2 Conformality at the point at infinity We start with the 
concept of an angle between curves at the point at infinity. 

Definition 2. The angle between two curves , and y 2 , that pass 
through the point z = oo is defined as the angle between the images 




of these curves obtained as a result of the mapping £ = 1/s at point 
£ = 0 . 

Property 2 and this definition imply that the mapping £ = 1/s 
preserves the angles between curves at each point in the extended 
complex plane. 

Example 1 . Suppose two rays y x and y 2 emerge from the same end 
point s 0 . Then the angle between and y 2 at the point s = oo is 
equal to the angle between these rays at point s 0 taken with the oppo- 
site sign. 

Proof. For the sake of simplicity we will restrict our discussion 
to the case where z 0 = 0. Suppose yj is the ray with arg z = <p j(j = 
1, 2). Then the angle between y 1 and y 2 (in the direction from y t 
to y 2 ) point s = 0 is a = cp 2 — (p x (Fig. 80). The image of yj under 

the mapping £ = 1/s is the ray yy arg £ = — q^- (/ = 1, 2) (see 

Sec. 8); whence the angle between y x and y 2 at point £ = 0 is 
( — T 2 ) — (— cpi) = — a (Fig. 80). Hence, by Definition 2, the angle 
between y ± and y 2 at point s = 00 is —a. □ 

Definition 2 and Property 2 yields the following property of 
con ormal mappings: 

(5) A conformal mapping of a domain in the extended complex plane 
preserves the angles between curves at each point of the domain . 
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Proof. By virtue of Definition 1 and Property 2, we need only prove 
the validity of the following propositions: 

(a) If the function 

/(z) = Co + -^i+-^f-+ . . |z| > R, 

is regular at point z = oo and c^ i =^= 0, then the mapping w = f (z) 
preserves the angle between any two curves passing through 
point z = oo. 

(b) If / (z) has a first order pole at a point z Q (finite or at infinity), 
the mapping w = f (z) preserves the angle between any two curves 
passing through point z 0 . 

We will prove proposition (a); proposition (b) can be proved simi- 
larly. 

We write the function w == / (z) as a composite of two functions: 
l, = 1 tz and w = g (£) = / (l/£) = c 0 -f- -f - c_ 2 £ 2 4~ • • • By 

Definition 2, the mapping £ = l/z preserves the angles between 
curves passing through z = oo. The mapping w =]g (£) preserves the 
angles between curves passing through point £ = 0 since g' (0) = 
= = 7^=0 (Property 2). Hence, the mapping w = f (z) preserves the 

angles between curves passing through point z = oo. 

Remark 1. It can be shown that the mapping £ = Hz rotates 
Riemann’s sphere about the diameter with the end points at z = ±1 
(i.e. the images of these points on Riemann’s sphere) through an 
angle of 180°. Hence, this mapping preserves the angle between 
any two curves at each point on Riemann’s sphere. This makes Defini- 
tion 2 look quite natural. It can be shown that all conformal mappings 
preserve the angles between curves on Riemann’s sphere. 

33.3 Correspondence between boundaries Let D and G be two 

simply connected, bounded domains whose boundaries T and F are 
simple, closed, and piecewise smooth curves. Then we have 

Theorem 1 (the theorem on the correspondence between bound- 
aries) If the function w —f (z) maps a domain D conformally onto 
another domain G, then 

(1) / (z) can be continuously continued onto the closure of D, i.e. f(z) 
can be redefined on T in such a way that it is continuous on D\ 

(2) this function maps T onto T in a one-to-one manner and with 
preservation of the sense. 

The proof of this theorem can be found in Hurwitz and Cou- 
rant [1]. 

Here we will prove the converse of Theorem 1. Suppose D and G 
are simply connected, bounded domains with simple, closed, and 

piecewise smooth boundaries T and T, respectively. Then we have 

Theorem 2 (a criterion of univalence of a function in a domain) 
Suppose a function w=f(z) that is regular in D and continuous up to T 
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maps T onto T in a one-to-one manner and with preservation of sense . 
Then the function is univalent in D and maps D conformally onto G. 

Proof. We must prove that 

(a) each point w 0 £ G has corresponding to it only one point z 0 £ 
D such that / (z 0 ) = w 0 , i.e. the function / (z) — w 0 has exactly 
one zero in D ; 

(b) for each point w 1 that does not belong to G the function / (z) 
does not admit the value w x for z 6 D. 

Let us prove proposition (a). By hypothesis, the function / ( z ) — w 0 




Fig. 81 

does not vanish on T , since for z f T point w = f (z) belongs to I 1 , 
while w 0 6 G. According to the argument principle (Sec. 30), the 
number of zeros of / (z) — w 0 in D is 

N = (1/2jt) A r arg [/ (z) — w 0 ] = (1/2ji) A~ arg (w — w 0 ). 

Since point w 0 lies in the interior of the closed curve T (Fig. 81), 
we can write A~ arg (w — w 0 ) = 2jx, and N = 1. 

Similarly, if point w x lies in the exterior of T, then A^ arg (w — 

ii'i) = 0 (Fig. 81), and the equation / (z) = w 1 has not a single 
solution in D. 

Remark 2. Theorems 1 and 2 are valid for domains in the extended 
complex plane with piecewise smooth boundaries: under a confor- 
mal mapping the boundary of a domain is transformed into the 
boundary of the image of the domain in a one-to-one manner and 
with preservation of sense (see Hurwitz and Courant [1]). 

33.4 Riemann’s mapping theorem The following theorem lies 
at the base of conformal mapping theory: 

Theorem 3 (Riemann's mapping theorem) Suppose D is a simply 
connected domain in the extended complex plane with at least two 
boundary points. Then 

(1) there is a function w = / (z) that maps D conformally onto the 
unit circle | w | < 1; 

(2) this function is unique if 

/ (z 0 ) = w ot arg /' (z 0 ) = a. 


(33.1) 
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Here z 0 and w 0 are given points (z 0 £D and | w 0 | <C 1), and a is 
a given real number. 

The following domains are exceptions: 

(a) the entire extended complex plane; 

(b) the entire extended complex plane with one point deleted. 
These two domains cannot be mapped conformally onto the unit 



circle \iv |<1. Indeed, suppose w = f (z) maps the entire extend- 
ed complex plane conformally onto the unit circle | w | < 1. 
Then this function is regular and bounded in the entire extended 
complex plane and, hence, is a constant, by Liouville’s theorem 
(Sec. 19). Similarly, if w = / (z) maps the entire extended com- 
plex plane with point z 0 deleted conformally onto the circle | w |< 1, 
then it is regular and bounded at z =^= z 0 . This means that z 0 is a re- 
movable singular point for / (z) (see Sec. 18), i.e. / (z) is regular and 
bounded in the entire extended complex plane, or, by Liouville’s 
theorem, a constant. 

Note that if the boundary of a simply connected domain D con- 
tains two points, then it is a curve passing through these points. 
Theorem 3 states that such a domain can be mapped conformally 
onto a unit circle. The proof of Theorem 3 can be found in Hurwitz 
and Courant [1]. 

Theorem 3 has the following 

Corollary Suppose the boundaries of two simply connected domains 
D and G consist of at least two points. Then there is only one function 
w = f (z) that maps D conformally onto G in a way such that 

/ (z 0 ) = ^o> arg /' (z 0 ) = a, (33.2) 

where z 0 6 D, w 0 6 G, and a is a real number. 

Proof. Existence. By Theorem, 3, there is a function £ = g (z) 
that maps D conformally onto the unit circle | £ | < 1 and is such 
that g (z 0 ) = 0 and arg g ' (z 0 ) = 0 (Fig. 82). Similarly, there is 
a function £ = h (w) that maps G conformally onto the unit circle 
| £ | < 1 and is such that h ( w Q ) = 0 and arg h' (w 0 ) = —a. Then 
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the function w = op (£), the inverse of £ —h (w), maps the unit 
circle | £ | <C 1 conformally onto Gina way such that if (0) = w 0 
and arg ![/ (0) = a (Fig. 82). Hence, the function w = f (z) = 
ij; (g (z)) maps D conformally onto G and satisfies conditions (33.2). 

Uniqueness . Suppose there are two functions w = fj (z) (j = 1, 2) 
that map D conformally onto G and are such that 

fj (*o) = w o> arg fj ( z o ) = a* 7 = 2. 

Let us prove that f 1 (z) = / 2 (: z ) for z 6 D. 

By Theorem 3, there is only one function £ =h (w) that maps do- 
main G conformally onto the unit circle | £ | < 1 and is such that 
h (w 0 ) = 0 and arg h' (w 0 ) = 0. The functions £ = gj (z) = 
h ( fj(z )) (j =1, 2) map D conformally onto the unit circle | £ | < 
1 and satisfy the following conditions: 

gj (z 0 ) = 0, arg g, (z 0 ) =a, j = 1, 2. 

Hence, by Theorem 3, g x (z) = g 2 (z), i.e. h {j x (z)) = h (/ 2 (z)), 
whence /i (z) = / 2 (z). 

Remark 3. Instead of the unit circle we can take another “standard” 
domain, e.g. the upper half-plane. In what follows we will usually 
consider mappings onto the unit circle or the upper half-plane. 

Thus, if the boundaries of two simply connected domains D and G 
have at least two points each, there is a conformal mapping of D 
onto G, but the mapping is not unique. To make the mapping unique 
we must specify the conditions (33.2), i.e. normalize the conformal 
mapping. These normalization conditions contain three arbitrary, 
real parameters: w 0 , v 0 (w 0 = u 0 + iv 0 ), and a. Instead of (33.2) 
we can fix other conditions containing three independent real pa- 
rameters. For instance: 

(i) There is a unique function w = / (z) that maps D conformally 
onto G and satisfies the conditions 

/ (z 0 ) = ^0* / ( Z l) = W l’ 

where z 0 and w 0 are interior points of D and G, respectively, and z x 
and ib\ are boundary points of D and G. 

(ii) There is a unique function w = f (z) that maps D conformally 
onto G and satisfies the conditions 

/ (z ft ) = w h , k = 1, 2, 3, 

where z, . z 2 , and z 3 are three different boundary points of Z), and 
w lt w 2 , and are three different boundary points of G, numbered 
in the order corresponding to the positive sense along the boundary 
curves of D and G. 

When multiply connected domains are involved, the question 
of the existence of a conformal mapping is much more complex. 
Even for the simple doubly connected domains D: p < | z | < R 
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and G: p x <C | w | < a conformal mapping of D onto G does not 
always exist (see Sec. 36). The theory of conformal mappings of 
/z-connected domains is given in Hurwitz and Courant [1]. 


34 The Linear-Fractional Function 

The function 

iv = i ad—bc^O, (34.1) 

where a , b, c , and d are complex numbers, is known as the linear- 
fractional function. The mapping, or transformation, performed by 
(34.1) is called the linear-fractional ( bilinear , Mobius) mapping. 
The condition ad — be =£ 0 implies that w cannot be a constant. 
We assume that if c 0, then w (oo) = ale and w ( — die) = oo, 
while if c = 0, then w (oo) = oo. Thus, the linear-fractional func- 
tion is defined in the entire extended complex plane. If c =0, the 
function (34.1) is the linear function , and the respective mapping 
is said to be linear. 

Let us consider the main properties of the linear-fractional map- 
ping. 

34.1 Conformality 

Theorem 1 The linear-fractional function maps the extended com- 
plex plane conformally onto the extended complex plane. 

Proof. Obviously, the function (34.1) is regular in the entire 
extended complex plane except at the point z = —die, which is 
a first order pole. 

Solving Eq. (34.1) for z, we arrive at the function 

* 2 = _di£—6_ ad - bcz/= o, (34.2) 

which is the inverse of (34.1). The function (34.2) is single-valued 
in the entire extended complex plane and is linear-fractional. Hence, 
the linear-fractional function is univalent in the extended complex 
plane. 

Remark 1. The converse is also true, i.e. if a function w = f (z) 
maps the extended complex plane conformally onto the extended 
complex plane, it is linear-fractional. 

Indeed, by Definition 1 of Sec. 33, / (z) is regular in the extended 
complex plane everywhere except at its simple pole. If point z 0 
is finite and Res / (z) = A , then g (z) = f (z) — A/(z — z 0 ) is regular 

z=z 0 

in the entire extended complex plane. Liouville’s theorem (Sec. 19) 
then states that g (z) is a constant, i.e. / (z) is a linear-fractional 
function. If z 0 = oo, then / (z) is an entire iunction and / (z) =0 (z) 
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(z-^oo) (Sec. 19). Then Liouville’s theorem states that f (z) = 
O/Z — f— b . 

34.2 The group property 

Theorem 2 The linear-fractional mappings constitute a group , i.e . 

(1) a linear-fractional transformation of a linear-fractional trans- 
formation is a linear-fractional transformation ; 

(2) the inverse of a linear-fractional transformation is also a linear- 
fractional transformation. 

Proof. Property 2 has been proved in Sec. 34.1. Let us prove 
Property 1. Suppose 

S= , Ml -Vi =7^0, (34.3) 

u?== ctg+^ 1 a.,d 2 — b 2 c 2 =/=0. (34.4) 


Substituting (34.3) into (34.4), we obtain 


w = 


az-\-b 
cz-\-d 5 


(34.5) 


where ad — be = (a^ — b^) (a 2 d 2 — b 2 c 2 ) =£ 0, i.e. the mapping 

(34.5) is linear-fractional. 

Remark 2. The group of linear-fractional mappings is noncom- 
mutative. For instance, if w ( z ) = 1 Iz and £ (z) —z -p 1, then 

= t(w(z)) = - L + l, w(l(z))^l(w{z)). 

34.3 The circular property 

Theorem 3 The image of a straight line or a circle under the linear- 
fractional mapping is a straight line or a circle. 

Proof. We start with the linear mapping w = az -f- b (a =h 0). 
This mapping is reduced to stretching (or contraction), rotation, 
and translation (see Sec. 8). Hence, the linear mapping transforms 
circles into circles and straight lines into straight lines. 

When the linear-fractional function w = az is not linear 

cz-\-d 

(c 0), we can write 

w = A +~z (34 ' 6) 

where A = a!c, B = {be — ad)Ic 2 , and z 0 = d/c. Then the mapping 

(34.6) is reduced to the following operations (performed in the 
specified order): 


t ) = Z + Z Q , = W = A + Bx\< 


(34.7) 
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The first and third mappings in (34.7) possess the circular property 
since they are linear. We need only show that the second mapping 
possesses it, too, i.e. 



has the circular property. 

The equation of any circle or a straight line in the complex z 
plane has the form 

a (x 2 + y 2 ) + + yy + 6 =0 (34.9) 

(if a = 0, then (34.9) is the equation of a straight line). Since 
x 2 +y 2 = \z\ 2 = zz % x = -y(z + z), y = -L(z — z), 

we can write Eq. (34.9) in the form 

cczz -\-Dz -f- Dz -f 5 = 0, (34.10) 

where D =-»(P — iy). Substitution of 1 Iw for z in (34.10) yields 

6 ww -f -Dw -f Dw a = 0, (34.11) 

Hence, the image of the circle (34.10) (or a straight line if a = 0) 
obtained as a result of mapping (34.8) is the circle (34.11) (or a 
straight line if 6 = 0). 

Note that the linear-fractional function w maps circles 

cz^-d 

and straight lines that pass through the point z = — die into straight 
lines, and other circles and straight lines into circles. 

In what follows we will assume that a straight line is a circle with 
an infinitely large radius. This gives us another way in which to 
formulate the circular property, namely, under a linear-fractional 
mapping, circles are mapped into circles. 

34.4 Preservation of symmetry Elementary geometry gives the 
following definition for the concept of symmetry (inversion) with 
respect to a circle. Suppose T is a circle of radius R centered at 
point O . 

Definition . Points M and M* are said to be symmetric with respect 
to circle T if they lie on a single ray that starts at point O and if 
OM X CW* = R 2 (Fig. 83). 

For instance, every point on T is symmetric to itself with respect 
to r. 

Thus, points z and z* of the complex z plane are symmetric with 
respect to the circle T: | z — a | = R if they lie on a single ray 
that starts at point a and if | z — a | | 2 * — a | = R 2 . Point z = oo 
is assumed to be symmetric to point a , the center of T. 

This definition implies that the points z and z* symmetric with 
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respect to the circle | z | = R are related through the formula 



(34.12) 


For instance, the points z and z* symmetric with respect to the 
unit circle | z | == 1 (Fig. 84) are related through the formula 



(34.13) 


Since points z and z are symmetric with respect to the real axis, 
from (34.13) it follows that point 1 fz is obtained from point z by 



Fig. 83 Fig. 84 


two symmetry transformations: one with respect to the real axis 
and the other with respect to the unit circle | z | = 1 (in any order) 
(Fig. 84). 

From (34.12) it follows that points z and z* symmetric with re- 
spect to the circle | z — a | = R are related through the formula 

z* = a+ r 4L. (34.14) 

■_z — a 

All linear-fractional mappings possess the following property of 
symmetry preservation: 

Theorem 4 A pair of points symmetric with respect to a circle is 
mapped by a linear-fractional transformation into a pair of points 
symmetric with respect to the image of the circle . 

Here a circle may be a straight line. 

First let us prove the following 

Lemma Points M and M* are symmetric with respect to a circle T 
if and only if any circle y that passes through these points intersects T 
at a right angle . 
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Proof of lemma . Necessity . Suppose points M and M* are symmetric 
with respect to a circle T of radius JR centered at point O (Fig. 85). 
Consider circle y that passes through points M and M*. Through 
point 0 we draw a straight line that touches circle y at point P . 



Fig. 85 

According to a theorem of elementary geometry (the square of a tan- 
gent is equal to the product of a secant by its external part), we have 
OP 2 =OM X OM*. This product is equal to R 2 , since points M 
and M* are symmetric with respect to T. Then OP = R, i.e. point P 
lies on T. Thus, a tangent to y is a radius of T and, hence y and T 
intersect at a right angle at point P. 

Sufficiency. Suppose any circle y that passes through points M 
and M* intersects circle T at a right angle (Fig. 85). Then the straight 
line (the particular case of a circle) that passes through M and M* 
also intersects T at a right angle, i.e. it passes through the center O 
of T. Moreover, points M and M* lie on a single ray that starts 
at point 0, since otherwise the circle of radius MM* 12, which pass 
through M and M* , would not intersect T at a right angle. 

It now remains to be proved that OM X OM* = R 2 . Suppose the 
circle y, which passes through points M and M* , intersects T at 
point P (Fig. 85). Then OP is a tangent to y and, hence, OP 2 = 
OM X OM*, by the theorem on the square of a tangent (see the 
proof of necessity). 

Proof of Theorem 4 . Suppose points z and z * are symmetric with 
respect to the circle T. Let the linear-fractional function w = f (z) 

map T into T and points z and z * into points w and w* , respectively. 

By the circular property of the linear-fractional mapping, T is 
a circle. We must prove that points w and w* are symmetric with 

respect to T. In view of the lemma, it is sufficient to prove that any 

circle y that passes through points w and w* intersects V at a right 
angle. 

The circle y passing through points z and z* is the preimage of y 
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in the linear-fractional mapping w = f (z). It intersects T at a 

straight angle. Hence, y intersects T at a straight angle, too, since 
the linear-fractional mapping is conformal in the entire extended 
complex plane and, therefore, preserves the angles between curves 
at every point. 

34.5 The linear-fractional transformation that maps three points 
into three points. 

Theorem 5 There is only one linear - ractional transformation that 
maps three given points z x , z 2 , and z 3 into three points w 1 , w 2 , and w z , 
respectively . This transformation is given by the formula 


w — 1^1 ^ w 3 — W 2 Z — Z 1 Z 3 Z 2 

W — Wo W 3 — W 1 Z — Z 2 Z 3 — Z x * 


(34.15) 


Proof. Theorem 2 implies that the function w = / (z) given by 
(34.15) is linear-fractional. It is also dear that iv k = f (z k ) ( k = 
1, 2, 3). 

Let us prove that if the linear-fractional function iv = f x ( z ) 
satisfies the same conditions as w = /(z), namely, u\ = f 1 (z h ) 
( k = 1, 2, 3), then f x (z) = f (z). Let z = i|) (u;) be the inverse of 
w = / (z). Then {f x (z)) is linear-fractional: 


and ^(/j (2ft)) = z ft , 


This implies that 


i.e. 


t (/ i (*)) 


az + b 
cz-\-d 


azh + b 
cz k + d 


— z k > & — 2, 3. 


cz l -f [d — a) z h — b = 0, 


i.e. the quadratic equation cz 2 -f- (d — a) z — b = 0 has three 
different roots. Hence, c ^ 0, d = a, 5=0, and 'll* (f 1 (z)) = z, 
whence / 2 (z) = 7 (z). 

Corollary 1 the function w = f (z) given by (34.15) maps the 
circular domain whose boundary passes through the points z k ( k = 
1, 2, 3) conformally onto the circular domain whose boundary passes 
through the points w h (k =1, 2, 3). 

Here and in what follows, a circular domain means the interior 
of a circle or its exterior or a half-plane. 

Remark 3 . Theorem 5 implies that a linear-fractional transforma- 
tion w = w (z ) can have no more than two fixed points z x and z 2 , 
i.e. such points that w (z h ) = z h (k = 1, 2) if w (z) z. A linear- 
fractional transformation with the points z 2 and z 2 fixed is given by 


z i _ i z — z i 

w — z 2 z — z 2 9 

where A is a complex number. 

Example 1 . The linear-fractional transformation that maps point 
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into point w = 0 and point z 2 into point w = oo has the form 


< 34 - 16 ) 

where A is a complex number. □ 

34.6 Examples of linear-fractional transformations 
Example 2. The linear-fractional transformation that maps the 
half-plane Imz >0 onto the unit circle [ w | < 1 has the form 

w= e ia , (34.17) 

z — Zq 

where Im z 0 is positive and a is a real number. 

Proof. Suppose the linear-fractional function w = w (z) maps the 
half-plane Imz >0 onto the unit circle | w | <C 1 in a way such 
that w (z 0 ) = 0 (Im z 0 >0). Then, in view of the property of sym- 
metry preservation, w (z 0 ) = oo and, by (34.16), 


w = A— (34.18) 

z — z 0 

Let us show that | A | = 1. Since points on the real axis are 
mapped into points on the boundary of the unit circle, i.e. | w | =1 
for real z = x, from (34.18) we have 


1 = 


x Zq 
x — z 0 


= \A\ 


I J — Zp I 
I X — Z 0 I 


1^1 


(| x — z 0 | = | x — z Q I). Hence A = e ia and (34.18) is simply 
(34.17). □ 

Remark 4. Under the mapping (34.17), the angle of rotation of 
curves at point z 0 is oc — n/2 (Fig. 86), since (34.17) yields arg w'(z 0 ) = 
a — jc/ 2 (see Example 5 in Sec. 8). 

Remark 5. Every conformal mapping of the half-plane Imz >0 
onto the unit circle | w | << 1 has the form (34.17). 

Indeed, by Riemann’s mapping theorem (Sec. 33), there is only 
one conformal mapping w = w (z) that transforms the half-plane 
Imz >0 onto the circle | w | <; 1 and satisfies the conditions 
w (z 0 ) = 0 and arg w' (z 0 ) = a — n/2. Hence, this mapping must 
be (34.17). 

The same is true of formulas (34.19) and (34.21) below. 

Example 3. The linear-fractional function that maps the circle 
| z | < 1 onto the circle | w [ < 1 has the form 


W= - ~ e ia , (34.19) 

1 — zz 0 

where | z 0 | < 1 and a is a real number. 

Proof. Suppose the linear-fractional function w = w (z) maps 
| z | <C 1 onto | w | < 1 in a way such that w ( z 0 ) =0 (| z 0 | < 1). 
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Then^ by the property of symmetry preservation (Sec. 34.4), 
w (1 /z 0 ) = oo and from (34.16) we obtain 

w = A 2 ~!° (34.20) 

1 — ZZ 0 


Let us show that | A | = 1. Since all the points on the boundary 
of the unit circle are mapped into points on the boundary of the 



other unit circle, i.e. | w 


1 = 


,i<p_ 


-Zo 


l ~ e Zo 


= 1 for 2 = e**, from (34.20) we obtain 

I e * <P — z n I 


= Ml 




I I « 


-iq p 


=-T= Ml* 


*0 


(|^ — Z 0 | = |gi<P — 2 q | = — Z 0 |). 


Hence, A = e ia and from (34.20) we obtain (34.19). □ 

Remark 6. Under the mapping (34.19), the angle of rotation of 
curves at point z 0 is a (Fig. 87), since (34.19) yields arg w' (. z 0 ) = a 
(Example 5 in Sec. 8). 

Example 4 . The linear-fractional mapping of the half-plane 
fm z >0 into the half-plane Imw; >0 has the form 


w 


dz — (— b 
cz-\-d 9 


(34.21) 


where a, 6, c, and d are real numbers, and ad — be >0. 

Proof. Suppose the linear-fractional function w = w (z) maps the 
half-plane lmz>0 onto the half-plane lmu?>0. Take three 
different points z lt z 2 , z 3 on the boundary of Imz >0, i.e. the z k 
are different real numbers. The images of these points are boundary 
points of Im w >0, i.e. the w h = w ( z h ) are three real numbers. 
Then the function w = w (z) is defined by (34.15), from which we 
obtain (34.21), where a, b, c, and d are real numbers. 

Let us show that ad — be >0. In view of the principle of corre- 
spondence of boundaries (Sec. 33), the conformal mapping w = 
w (z) transforms the real axis Im z = 0 into the real axis Im w = 
0 with preservation of sense. Hence, for real z = x we have 


1 U— 01641 
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arg w' (x) > 0, i.e. 


w 9 (x) 


ad — be 
(cx+df 


>o. 


whence ad — be > 0. □ 

Example 5. The conformal mapping w = w(z) of the circle | 2 | < 1 




onto the circle | w | < 1 that satisfies the conditions w (z 0 ) = w 0 
and arg w' (z 0 ) = a is given by the formula 

= . z r z _° e ioc a (34.22) 

1 — wiv 0 1 — zz 0 

Proof. The function 

1 — zz 0 

maps the circle | z | < 1 onto the circle | £ | < 1 in a way such that 
g (z 0 ) = 0 and arg g ' (z 0 ) = a (see Example 3). The function 

1 — 

maps the circle | w | < 1 onto the same circle ) £ | < 1 in a way 
such that h (w 0 ) = 0 and arg A' ( w 0 ) = 0 (Example 3). Hence, the 
function w = w (z) given by (34.22) maps the circle | z | < 1 onto 
the circle | w | < 1 in a way such that w (z 0 ) = w 0 and arg iv' (z 0 ) = 
a. □ 

Example 6. The conformal mapping w = w (z) of the half-plane 
Im 2 >0 onto the half-plane Im w >0 that satisfies the conditions 
w (z 0 ) = w o and arg w' (z 0 ) = a is defined thus: 

v—Wq _ g— e ia 9 

w — w 0 z — z 0 

The proof of the proposition is similar to the proof of formula 
(34.22). □ 
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35 Conformal Mapping Performed by 
Elementary Functions 

35.1 The function w = z 2 Let us study the properties of the 
function w = z 2 (some were discussed in Sec. 8). 

(1) Univalence . The reader will recall that the function w = z 2 
is univalent in a domain D if and only if there are no two different 
points z 1 and z 2 in D related through the formula 

% = — z 2 . (35.1) 

Condition (35.1) implies that points z x and z 2 are symmetric with 
respect to point z = 0. Thus, the function w = z 2 is univalent in 




a domain D if and only if this domain has not a single pair of points 
that are symmetric with respect to point z = 0. For instance, the 
function w = z 2 is univalent in the half-plane whose boundary 
passes through the point z = 0. 

Example 1. (a) The function w = z 2 maps the upper half-plane 
conformally onto the complex w plane with a cut along the ray 
[0, -foo), domain G (see Fig. 35, Sec. 8). 

(b) The function w = z 2 maps the lower half-plane conformally 
onto the same domain G (see Fig. 36, Sec. 8). □ 

Let us study the mapping of the coordinate chart performed by the 
function w = z 2 for the polar and Cartesian systems of coordinates. 

(2) The images of rays arg z = a and arcs of circles \ z \ = p. The 
lines arg z = const and | z | = const constitute a coordinate chart 
in the complex z plane (polar coordinates). In Sec. 8 it was shown 
lhat the function w = z 2 maps (a) the ray arg z = a into the ray 
arg w = 2a, and (b) the arc | z | = p, a ^ arg z ^ fi, with p — a <T 
jt, into the arc| w | = p 2 , 2a ^ arg w ^ 2|3 in a one-to-one manner. 

Example 2. From Properties 1 and 2 it follows that the function 
ip — z 2 maps the annular sector S: Pi < | z | < p 2 , 0 < arg z <C 
a ^ jt, with 0 < pi < p 2 < +oc, conformally onto the annular 

sector S : pf < | w | < p^, 0 < arg w < 2a (Fig. 88). □ 


10 * 
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(3) The images of straight lines Re z = c, Im z = c. Let us show 
that the function w = z 2 maps (a) the straight line Re z = c into 
the parabola 

v‘ = 2p(-§— u), (35.2) 

and (b) the straight line Im z = c into the parabola 

v 2 = 2p (35.3) 

in a one-to-one manner. Here p = 2c 2 and w = u -f- iv. 

Indeed, 

w = u -f- iv = z 2 = (x + iy) 2 = x 2 — y 2 -f 2xy i, 
i.e. u — x 2 — y 2 and v= 2 xy. Tf Re z= x = c, — oo y <Z -foo, then 
u =■ c 2 y 2 y v = 2 cy, 

from which formula (35.2) follows. Similarly, for Im z = y = c 
we have (35.3). 

If c = 0, then p = 0, and the parabola (35.2) degenerates into 
the ray ( — oo, 0] traversed twice, i.e. the straight line Re z = 0 
is mapped into the ray (— oo, 0] traversed twice (Fig. 37, Sec. 8). 
Similarly, the straight line Imz = 0 is mapped into the ray [0, +oo) 
traversed twice (Fig. 88). 

Note that any parabola of the form (35.2) intersects any parabola 
of the form (35.3) at a right angle, in view of the fact that angles are 


© 


Fig. 89 

preserved in conformal mappings. The foci of the parabolas (35.2) 
and (35.3) lie at the same point w = 0. 

Example 3. Properties 1 and 3 imply that the function w = z 2 
maps the rectangle depicted in Fig. 89 onto the curvilinear quadrangle 
bounded by arcs of the parabolas (35.2) and (35.3). □ 
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35.2 The function w = Y z The properties of the function 
w = j/z, which is the inverse of w = z 2 , were discussed in Secs. 13 
and 22. The reader will recall that ]/~ z is analytic in the complex z 



Fig. 90 


plane with points z = 0 and z — oo deleted, while in the complex z 
plane with a cut connecting points 0 and oo it splits into two regular 
branches. 

Example 4 . Let D be the complex z plane with a cut along the ray 
[0, +oo) (Fig. 47, Sec. 13). In this domain the function ] f z splits 
into two regular branches, (z) and / 2 ( z ) = — /* (z), where f ± (x + 
i0) = Y x >0 for positive x's, i.e. the function / x (z) assumes 
positive values on the upper bank of the cut. The function w = 
/ 2 (z) maps D conformally onto the upper half-plane Imir >0, 
while the function w = / 2 (z) maps D conformally onto the lower 
half-plane Im w < 0 (Fig. 47, Sec. 13). □ 

Example 5. Let D be the complex z plane with a cut along the ray 
(— oo, 0] (Fig. 48, Sec. 13). In this domain the function Y z splits 
into two regular branches, f x (z) and / 2 (z) = — f x (z), where f x (1) = 
1. The function w =f { (z) maps D conformally onto the half- 
plane Re z >0, while the function w = f 2 (z) maps D conformally 
onto the half-plane Re z < 0 (Fig. 48, Sec. 13). □ 

Example 6. Let D be the exterior of the parabola y 2 = 2p (x -f p!2) 
(p > 0 and z = x -j- iy), i.e. the domain y 2 >2 p (x -j- pi 2) 
(Fig. 90). In this domain, Y z splits into two regular branches, 
/i (z) and / 2 (z) = — f ± (z), where (—p/2) = i Y pl%- Example 3 
(Fig. 89) implies that w = f 1 (z) maps D conformally onto the half- 
plane Imu; >/ p!2 , while w = f 2 (z) maps D conformally onto the 
half-plane Im w <-Vp! 2 (Fig. 90). □ 

Example 7. Let D be the half-plane Im z >0 with a cut along 
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the segment [0, ih] ( h >0) (Fig. 91). Let us find the conformal 
mapping of D onto the upper half-plane Im u; >0. 

(a) The function £ = z 2 maps D conformally onto the complex £ 
plane with a cut along the ray [—A 2 , +oo) (Fig. 91), domain D x ; 

(b) the function r\ = £ -f h 2 (a translation) maps D 1 conformally 
onto the complex r] plane with a cut along the ray [0, -foo) (Fig. 91), 
domain D 2 ; 

(c) the function w =]/~r\ (precisely, its regular branch in D 2 
that assumes positive values on the upper bank of the cut along 
[0, -foo)) maps D 2 conformally onto the half-plane Imu? >0 
(Example 4). 

Hence, the combination of mappings ( a)-(c ), i.e. the function w — 

Vz 2 -f A 2 , maps D conformally onto the half-plane Imu; >0 
(Fig. 91). □ 



Fig. 91 

35.3. The function w = z a The properties of the power function 
z a were discussed in Sec. 22. There we considered the following 
example: 

Example 8. The function w =z a , a ;>0, maps the sector 0 < 
arg z <C P ^ 2jc, with p ^ 2jx/a, conformally onto the sector 
0 < arg w < ap (Fig. 61, Sec. 22). □ 

Remark 1 . In Example 8 and in what follows the symbol z a stands 
for the following function: 

z a = |z|V aar e z , (35.4) 

defined in the sector 0 < arg z < 2n. 

We note the following particular case of Example 8. 

Example 9. Suppose S is the sector 0 < arg z < P ^ 2jt. Then 
the function w = z n >^ maps S conformally onto the upper half-plane 
Imu; >0. □ 

Let us consider a domain D that is bounded by two arcs of circles 
that intersect at points a and b at an angle a (Fig. 92). This domain 
is called a lune . We will show that the luneZ) can be mapped conform- 
ally onto the upper half-plane via a linear-fractional and a power 
function. 
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Let us apply the linear-fractional transformation £ = 

with £ (a) =0 and £ (b) = 00 . This transformation maps the arcs 
bounding D into arcs intersecting at point £ = 0 at an angle a 
(see Sec. 34). Hence, the lune D is transformed into the sector p < 
arg £ < P + a, where p is a real 
number. 

The rotation r\ = £e" ip maps this 
sector into a new sector, 0<arg r] < 
a, which the function w = , \\ n l a 
maps onto the half-plane Imu; >0 
(Example 9). Thus, the function 


w 


( z — a 
z — b 


-oj 


Jt/a 



maps the lune D conformally onto 
the upper half-plane. □ 

Example 10. The following functions perform conformal mappings 
of the domains depicted in Fig. 93 onto the upper half-plane: 

/ * W 3 /-i \ / 1 — z \ 2/3 / z—l \ 2/3 

-( 1 = 7 ) * (b > " = (t+t) ’ • 


(a) w 

(d) w=\/ r -^— z , (e) b> (/) 1 


z — 2 
l - 


□ 



Fig. 93 

35.4 The function w = e z Some of the properties of the function 
ic = e z were discussed in Sec. 8. Let us recall these properties. 

(1) Univalence. The function w = e z is univalent in a domain D 
if and only if this domain has not a single pair of points z 1 and z 2 
that obey the relationship 

— z 2 = 2kn I, k = -f- 1 . -f-2 . ... . 


(35.5) 
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For instance, w = e z is univalent in the strip 0 <C Im z <C 2n 
and maps this strip conformally onto the complex i v plane with 
a cut along the ray [0, +oo) (Fig. 38, Sec. 8). 

Let us study the mapping of the coordinate chart Re z = const, 
Im z = const performed by w = e z . 

(2) The images of straight lines Re z = c, Im z = c. In Sec. 8 
it was found that w = e z maps (a) the segment Re z = c, a ^ 
Im z ^ b, b — a < C 2ji, into the arc | w \ = e c , a ^ arg w b, 
and (b) the straight line Im z = c into the ray arg w = c in a one- 
to-one manner. 

Example 11. Properties 1 and 2 imply that the function w = e z 
maps the rectangle c 1 <Rez<c 2> a < Im z < 6, with — oo ^ 
c i < c 2 ^ +°° an d b — a ^ 2ji, conformally onto the annular 
sector e Ci <C | w | < e c *, a < arg w <C b. Some particular cases 
of such mappings are shown in Fig. 94. □ 

© 


ni 



Fig. 94 


35.5 The function iv = In z The properties of the function 
w = In z, which is the inverse of w = e z , were discussed in Secs. 13 
and 21. The reader will recall that w = In z is analytic in the com- 
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plex z plane with points 2 =0, oo deleted, while in the complex z 
plane with a cut from point z = 0 to point z = 00 it splits into an 
infinite number of regular branches. 

Here are two examples of conformal mappings performed by w = 
In z and discussed in Secs. 13 and 21. 

Example 12. Suppose D is the complex z plane with a cut along 
the ray [0, + 00 ) (Fig. 49, Sec. 13). In this domain the function In z 
splits into the regular branches 


(In z) h = In | z | + i (arg z) 0 + 2fcru, k = 0, ±1, zb 2 * . . . r 


where 0 <C (arg z) 0 <C 2jt. The function w = (In z) h maps D con- 
formally onto the strip 2kn < Im w < 2 (k + 1) n (Fig. 49). □ 
Example 13. The function w = In z maps the sector 0 < arg z < 
a 2n conformally onto the strip 0 < Im w < a (Fig. 60, 
Sec. 21). Here In z = In | z | + i arg z, 0 < arg z < a. □ 

35.6 The Zhukovskii ( Joukowski) function Consider the function 

w =-t( z +-t) (35 - 6) 


This function is known as the Zhukovskii (or Joukowski) function y 
named after N. E. Zhukovskii, a Russian applied mathematician 
and aerodynamicist who was the first to use it widely in aerodynam- 
ics. This function is regular at all points except z = 0 and z = 00 , 

with w' (z) = y (1 — —A . These two points are first order poles 

for the Zhukovskii function. Hence, function (35.6) is univalen at 
all points except zbl, since w' (z) =^= 0 for z =^= ±1, and is not Uxii- 
valent at z = ±1» since w' (±1) =0 (see Sec. 32.2). Let us prove 
the following property. 

(1) Univalence. The Zhukovskii function w ~~\ zJr ~) 

is univalent in a domain/) if and only if this domain does not contain 
a pair of different points z x and z 2 that obey the following relation- 
ship: 

z x z 2 = 1. (35.7) 

Indeed, suppose-^- ( z i+~) = T"( Z2 + T~) # Then (Zi — z 2 ) 
^1 — =0> from which it follows that either z t = z 2 or z 1 z 2 = l. 
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Geometrically, Eq. (35.7) means that point z 2 = i/z 1 is obtained 
from point z x by a double symmetry transformation: with respect 
to the circle | z | = 1 and with respect to the straight line Im z = 0 
(Fig. 84, Sec. 34). Thus, the Zhukovskii function is univalent in 
a domain if and only if the domain contains not a single pair of 
different points in which one of the points can be obtained from the 
other by the above-mentioned symmetry transformation: with re- 
spect to the unit circle and with respect to the real axis. 

Example 14. The Zhukovskii function w = ~ 2 p [ zJ r~J * s nn i“ 

valent in the following domains: 

(a) | z | >1, the exterior of the unit circle; 

(b) | z | < 1, the unit circle; 

(c) Imz >0, the upper half-plane; 

(d) lmz<0, the lower half-plane. □ 

Remark 2 . Suppose D is the domain whose points are 1 /z, z £D. 
Then the Zhukovskii function is univalent in D if and only if D 

/v 

and D have no common points. The images of D and D obtained as 
a result of the mapping performed by the Zhukovskii function coin- 
cide, since w (z) = w (1 /z). 

(2) The images of circles and rays. Let us find the images of circles 
| z | = p and rays arg z = a (the polar coordinate chart) obtained 
as a result of mapping performed by the Zhukovskii function. Putting 

1 l 

z = re u p and w = u -(- iv in (35.6), we obtain u iv — ~ Ire 1 ® + 
— whence 

u = 4-( r + _L) c ° S( p, y = -i -(r j-jsinq>. (35.8) 

Take the circle 


z = pe i<p , 0 ^ cp ^ 2jt (35.9) 

(p is positive and fixed). From (35.8) it follows that the Zhukovskii 
function maps (35.9) into the ellipse 

M = -jp(p + -jj-) cos(p, v = ~y (p jj-) sincp, 0^cp^2ji, (35.10) 


1 / 1 \ 1 1 
with the semiaxes; a p = y ^p +~] an d 5 P = y p — — 


the foci at w = ±1, since a p — b p = 1. By solving Eqs. (35.10) 
for cp and assuming that p =£ 1, we can rewrite the equation of the 
ellipse in canonical form: 



(35.11) 
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Note that if we replace p with 1/p (p = 7 ^ 1), the ellipse (35.10) 
does not change, but its orientation changes to the opposite. Fig- 
ure 95 shows circles | z | = p , p >. 1 , oriented clockwise and their 
Images, ellipses (35.11); from (35.10) we can see that the ellipses are 



Fig. 95 


also oriented clockwise. Figure 96 shows circles | z | = p, 0 < p < 1> 
and their images, ellipses (35.11) — the orientation has changed: 
a circle | z | = p oriented counterclockwise is mapped into an ellipse 
(35.11) oriented clockwise. 

For p = 1 the ellipse degenerates into the segment [—1, 1] tra- 
versed twice, i.e. the circle | z | =1 is mapped into the segment 
[ — 1, 1] traversed twice (see Figs. 95 and 96). 

Consider the ray 

z = rt**, 0 < r < +00 (35.12) 

(a is fixed). Under the mapping performed by the Zhukovskii func- 
tion the ray is mapped into the curve (see (35.8)) 

u = + cos a, u = ~y [r — ■) sin a, 0<r<;+ 00 . (35.13) 


Solving Eqs. (35.13) for r and assuming that a =£ knl2 ( k is an inte- 
ger), we obtain 


u 2 v^_ 

cos 2 a sin 2 a 


(35.14) 


The curve given by (35.14) is a hyperbola with the foci at points 
w = ±1 and the asymptotes v = zb u tan a. 


Fig. 97). If we substitute jx — a for a in (35.13), we have the left 
branch of the same hyperbola (35.14), whence the ray (35.12) for 
jc/ 2 < a < n is mapped into the left branch of hyperbola (35.14), 
but the orientation changes to the opposite. 

Let us consider the rays (35.12) at a = fcrc/2 ( k is an integer). 
From (35.13) it follows that the ray arg z = jt/2 is mapped into the 



Fig. 97 


imaginary axis Re w = 0 (Fig. 97). The ray arg z = 3jt/ 2 is also 
mapped into the imaginary axis Re w =0. For a = 0 the curve 
(35.13) degenerates into the ray [1, +oo) traversed twice (or the ray 
is folded) (Fig. 97), i.e. the ray arg z = 0 is mapped into the ray 
[1, +oo) traversed twice, namely, the ray fl, +oo) is mapped into 
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the ray [1, +oo) and the half-interval (0, 1] into the ray (+oo, 1] 
{Fig. 97). Similarly, the ray arg z = jt is mapped into the ray 
( — oo , — 1] traversed twice (Fig. 97). 

Thus, the Zhukovskii function w~ — ( z + — ) maps circles | z\ = 

p into ellipses (35.11) and rays arg z = a into branches of hyper- 
bolas (35.14); the foci of all ellipses (35.11) and hyperbolas (35.14) 
are at points w = ±1* and any ellipse (35.11) intersects any hyper- 
bola (35.14) at a right angle. 

Example 15. Suppose D is the exterior of the unit circle (Fig. 95). 
Let us find the domain onto which D is mapped by the Zhukovskii 
function, which is univalent in D (see Example 14). Here are two 
ways in which this can be done. 

(1) The images of circles \ z\ =p, p >1, are ellipses (35.11), 
which fill the entire complex w plane with a cut along the segment 
[ — 1, 1]. Hence, the Zhukovskii function maps the exterior of the 
unit circle conformally onto the exterior of the segment [ — 1, 1] 
(Fig. 95). 

(2) The ray 

z == re ia , 1 < r < +oo (35.15) 

is transformed into the curve 

U= -y (r + -i- ) cosa, v= (r — sina, 

l<r<+oo (35.16) 

which is a part (a half) of hyperbola (35.13). When a changes from 0 
to 2ic, the curves (35.16) fill the entire complex iv plane with a cut 
along the segment [ — 1, 1] (Fig. 95). Hence, the Zhukovskii function 
maps the exterior of the unit circle conformally onto the exterior of 
the segment [—1, 1] (Fig. 95). 

Note that the circle | z | = 1 oriented clockwise (the boundary 
of domain D) is mapped into the cut along the segment [ — 1, 1]; 
precisely, the semicircle | z | =1, lmz>0 is mapped into the 
upper bank of the cut and the semicircle | z | = 1, Im z ^ 0 is 
mapped into the lower bank of the cut (Fig. 98). In other words, the 
circle | z | = 1 is “flattened” into the cut along the segment [— 1, 1] 
with preservation of sense. □ 

Example 16. As in Example 15, we can show that the 
Zhukovskii function w= -y- (z-f maps the unit circle |z|<l 

conformally onto the exterior of the segment [ — 1, 1] (Fig. 96). 
This proposition also follows from Example 15 and Remark 2. 

Note that under this mapping the circle | z | = 1 oriented counter- 
clockwise (the boundary of the circle | z | <C 1) is transformed into 
the cut along the segment [ — 1, 1] oriented clockwise. Precisely, the 



302 Conformal Mapping 


semicircle | z | == 1, Im z^ 0 is mapped into the lower bank of the* 
cut and the semicircle \z | = 1, Imz^O into the upper bank 
(Fig. 99). □ 

Example 17 . As in Example 15, we find that the Zhukovskii 
function w=-^-[z~\ 1 maps the upper half-plane lmz;>0 



Fig. 98 


conformally onto the complex w plane with cuts along the rays 
(— oo, 1] and [1, -f-oo) (Fig. 97). Under this mapping 

(a) the ray ( — oo, — 1] is transformed into the upper bank of 
the cut along the ray ( — oo, — 1], 



Fig. 99 


(b) the half-interval [ — 1, 0) into the lower bank of the cut 
( oo , —1], 

(c) the half-interval (0, 1] into the lower bank of the cut [1, -foo) r 

(d) the ray [ 1 , -f-oo) into the upper bank of the cut [1, +oo) 
(Fig. 100). □ 

Example 18. From Example 17 and Remark 2 it follows that 
the Zhukovskii function w = ’~ 2 ~ (z + — ) ma ps the lower half-plane 



Conformal Mappings by Elementary Functions 303 


Im2<0 conformally onto the complex w plane with cuts along the 
rays (— 00 , —1] and [1, + 00 ). □ 

In Figs. 95-97 the annular sectors in the complex z plane and their 
images in the complex w plane obtained as a result of mappings per- 



(b) 

Fig. 102 

formed by the Zhukovskii function are shown by heavy lines. The* 
following particular cases of such mappings are often used in the 
conformal mapping of various domains. 

Example 19, The Zhukovskii function w = -g- ( z -f- — j maps^ 
conformally 
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(a) the domain Im z > 0, | z | > 1 (Fig. 101) onto the upper 
half-plane Im w >• 0 (from Fig. 95); 



Fig. 103 


© © 



Fig. 104 


(b) the semicircle | z | < 1, lmz<0 (Fig. 102) onto the upper 
half-plane lmw>0; the semicircle | z | < 1, Im z > 0 (Fig. 102) 
onto a lower half-plane Im w < 0 (from Fig. 96). 
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(c) the domain | z | > p > 1 (Fig. 103) onto the exterior of the 
ellipse (35.11) (from Fig. 95); the circle I z | < p < 1 (Fig. 103) 
onto the exterior of the ellipse (35.11) (from Fig. 96); 



(d) the sector a < arg z < n — a, with 0 < a < n/2 (Fig. 104), 
onto the exterior of the hyperbola (35.14) (from Fig. 97); 

(e) the sector 0 < arg z < a, with 0 < a < n/2 (Fig. 105), onto 
the interior of the right branch of the hyperbola (35.14) with a cut 
along the ray [1, +oo) (from Fig. 97); 




(f) the sector 0 < arg z < a, | z | > 1, with 0 < a < n/2 
(Fig. 106), onto the domain u 2 / cos 2 a — z; 2 /sin 2 a > 1, with u >0 
and v > 0 (w = u + iv) (from Fig. 97). □ 


^ 0-01641 
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35.7 The inverse of the Zhukovskii function Solving the equa- 
tion w = -i- + — -J for z, we arrive at z = w -f- Vw 2 - 1, 

which means that the function 

B>=z+y?zri (35.17) 

is the inverse of the Zhukovskii function. Hence the mapping per- 
formed by (35.17) is the inverse of the mapping performed by the 
Zhukovskii function. 

Some properties of the function (35.17) were discussed in Sec. 24. 
We recall that this function is analytic in the complex z plane with 



Fig. 107 






© 


b’ a r 


0 
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Fig. 108 



Conformal Mappings by Elementary Functions 307 


points z = ±1 deleted, while in the complex z plane with a cut con- 
necting points z = ±1 it splits into two regular branches. 

Example 20. Suppose D is the complex z plane with a cut along 
the segment [—1, 1] (Fig. 107). In this domain the function z + 



Y z 2 — 1 splits into two regular branches, f 1 (z) and / 2 (z), where 
/ x (oo) — oo and / 2 (oo) = 0 (see Sec. 24). From Examples 15 and 16 
(Figs. 98 and 99) it follows that the function w = (z) maps D 

conformally onto the exterior of the unit circle, while the function 
w = / 2 (z) maps# conformally onto the circle | w | < 1 (Fig. 107). □ 
Example 21. Let D be the complex z plane with cuts along the rays 
(— oo, —1] and [1, -foo) (Fig. 108). In this domain the function 
z + |/V — 1 splits into two regular branches, f 1 (z) and / 2 (z), 
with (0) = i and / 2 (0) = — i (see Sec. 24). From Examples 17 
and 18 it follows that the function w = f ± (z) maps D conformally 
onto the upper half-plane lmi^>0, while the function w = f 2 (z) 
maps D onto the lower half-plane Im u;<0 (Fig. 108). □ 
Example 22. In the half-plane Imz >0 the function z -f- Y z * — 1 
splits into two regular branches, f x (z) and / 2 (z), with f x (0) = i 
and / 2 (0) = — i. The mappings performed by these functions are 
shown in Fig. 109 (cf. Figs. 101 and 102a). □ 

35.8 Trigonometric and hyperbolic functions Let us study the 
conformal mappings performed by trigonometric and hyperbolic 
functions. 

Example 23. We wish to show that the function w = cosh z maps 
the semistrip 0<lmz<ji, Rez>0 conformally onto the upper 
half-plane lmw>0 (Fig. 110). 


20 * 
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Indeed, the function w = cosh z =-^- (e z -f-e” 2 ) is a combination 
of two functions: 

t, = e z , = + 

As a result of performing the mappings £ = e z (Fig. 94b) and w = 
j (Fig. 101) sequentially we obtain the mapping shown 
in Fig. 110. □ 



Fig. 110 


Example 24. We wish to show that the function to = cos z maps 
the semistrip — Jt <Rez<0, Im z > 0 conformally onto the 
upper half-plane lmu;>0 (Fig. 111). 


© 



2 


Fig. Ill 

Indeed, since cos z = cosh ( — iz ), performing first the mapping 
£ = — iz (rotation about point z = 0 by an angle of — jc/2) and then 
the mapping w = cosh £ (Fig. 110), we arrive at the mapping shown 
in Fig. 111. □ 
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Example 25. Let us show that the function w = sin z maps the 
semistrip — jt/2 < Re z < ji/2, Im z > 0 conformally onto the 
upper half-plane lmw>0 (Fig. 112). 

Indeed, we can write sin z = cos (z — ji/2). This means that if 
we first perform the translation £ = z — ji/2 and then the mapping 


© 



n_ 0 JL 


2 2 


w=sin Z 

(w) 

_z=arc sin w,z(0)=0 


0 X 


Fig. 112 


w = cos £ (Fig. Ill), we arrive at the mapping shown in Fig. 112. □ 
Example 26. Let us show that the function w = tan z maps the 
strip — jt/4 <Rez< ji/4 conformally onto the unit circle | w | < 1 



Fig. 113 


(Fig. 113). Note that this mapping satisfies the conditions w ( 0) = 0 
and arg w' (0) == 0. 

Indeed, since 


tan z = 


sin z 


COS 2 


1_ e iz — e-iz _ .. e 2iz — 1 

i e <* + g-i2 e 2 iz_|_l * 
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we can think of the mapping w = tan z as the combination of three 
mappings: 

5 = 2; iz, r\ = ei, ^ = ( - 0 -jjqrf • 

Performing these mappings in the above-mentioned order, we arrive 
at the mapping shown in Fig. 113. □ 

The examples we have considered show that mappings performed 
by trigonometric and hyperbolic functions are reduced to combina- 
tions of the mappings discussed in Secs. 34 and 35.1-35.7. 

35.9 Various examples The conformal mappings discussed in 
Secs. 34 and 35.1-35.8 are classical, so to say. They can be used to 



Fig. 114 Fig. 115 


find the conformal mappings of other simple domains. Example 27-33 
below give the conformal mappings w — w (z) of a given domain D 
in the complex z plane onto the upper half-plane lmw;>0. 

Example 27. Suppose D is the complex z plane with cuts along the 
rays (— oo, a] and [b, -f-oo), with — oo <a<^< -f oo (Fig. 114). 
There are two ways in which we can perform the mapping. 

(a) Just as in Example 10 (Fig. 93f), we find that 

^=i wher ® w m L )- i - 

(b) The linear function — fl ^ ,) (a transla- 

tion and a stretching) maps D onto the complex £ plane 
with cuts along the rays (— oo, —1] and [1, -(-oo). Then, as in 
Example 21 (Fig. 108), we perform the mapping w = l, - f — 1, 
with w |^—o = i. □ 

Example 28. Suppose D is the half-plane lmz>0 with a cut 
along the arc | z | = 1,0^ arg z ^ a, with 0 < a < jx (Fig. 115). 
There are two ways in which we can perform the mapping. 

(a) The function £ = (z — 1 )/(z -f- 1) maps the half-plane Im z > 
0 onto the half-plane Im £ > 0 (Sec. 33), while the cut along 
the arc is mapped into a cut along the segment [0, ifi\, since 1 -> 0 
and — 1 ->■ oo, with h = tan (a/2). After this, as in Example 7 
(Fig. 91), we perform the mapping w = Y C 2 + h 2 * where w (x + 
iO) > 0 for x > 1. 
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(b) The Zhukovskii function £ = -L | z maps j) onto the 

complex £ plane with cuts along the rays (— 00 , —1] and [cos a, 
+ 00 ) (from Fig. 97). After this we follow Example 27. □ 
Example 29. Suppose D is the strip 0 < Im z < n with a cut 
along the segment [0, id], where 0 < d < n (Fig. 116). The function 
£ == e z maps D onto the domain shown in Fig. 115. After this we 
follow Example 28. □ 

Example 30. Suppose D is the strip —it < Im 2 < n with a cut 
along the ray [a, + 00 ), where a is a real number (Fig. 117). The 
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function £ = e z maps D onto the complex £ plane with cuts along 
the rays (— 00 , 0] and [e a , -f 00 ). After this we follow Example 27. □ 
Example 31. Suppose D is the semistrip 0 < Im z < ji, Re 2 > 0 
with a cut along the segment [nil 2, a Jii/2], with a > 0 (Fig. 118). 


iii 

y/// '.'///////,, ///////////////a , 



Fig. 118 



The function £ = cosh z maps D onto the half-plane Im £ > 0 
with a cut along the segment [0, i sinh a] (from Example 23). 
After this we follow Example 7. □ 

Example 32. Suppose D is the domain Rez>0, |z — l|>l 
with a cut along the segment [2. 3] (Fig. 119). The function £ = Hz 
maps D onto the strip 0 < Re £ < 1/2 with a cut along the segment 
[1/3, 1/2], domain D x . Then a linear function can he used to map D x 
onto the domain shown in Fig. 116. After this we can follow 
Example 29. □ 

Example 33. Suppose is the domain \ z — 1 | > 1, | z — 2 | < 2, 
lmz<0 (Fig. 120). The function £ = 1 /z maps D onto the semistrip 
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Z? x : 1/4 < Re £ < 1/2, Im £ > 0. Then a linear function can be used 
to map D 1 onto the domain shown in Fig. 111. After this we can 
follow Example 24. □ 

In Examples 34-37 below the functions w = iv (z) map a given 
domain D in the complex z plane onto the unit circle | iv | < 1. 

Example 34. Suppose D is the complex z plane with a cut along 
the segment [ a , b], where — oo < a < b < +00 (Fig. 121). The 

linear function £ = ) b — a t rans l at i° n an d a stretch- 



ing) maps D onto the exterior of the segment [ — 1, 1]. Then, just 
as in Example 20 (Fig. 107), we employ the function w = £ -j- 
V £ 2 — 1 , with u; ( 00 ) = 0. □ 

Example 35. Suppose D is the circle | z | < 1 with a cut along 
the segment [—1, a], where —1 < a < 0 (Fig. 122). The Zhukovskii 




function £=-|-^z-{--^-j maps Z) onto the complex £ plane with 

a cut along the segment ["y + -j- ) » lJ(from Fig. 96). After this 

we can follow Example 34. □ 

Example 36. Suppose D is the domain | z | > 1 with cuts along 
the segments [a, —1] and [1, 6], where —00 «< a < —1 and 1 < 

-[-00 (Fig. 123). The Zhukovskii function £ = y( z ^”T) 
maps D onto the exterior of the segment [a', &'], where a' = 
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Y ( a + ■—) and b' = ~ [b + y) (fr° m Fig. 95). After this we can 
follow Example 34. □ 

Example 37. Suppose D is the circle | z | < 1 with a cut along 
the segment [0, 1] (Fig. 124). The Zhukovskii function £ =y [z - f 
maps the domain D onto the complex £ plane with a cut along the 
ray [ — 1, +oo) (from Fig. 96), domain!^. The function 7 ] == V £ -f- 1* 
with i] |£=-5 = 2i, maps D 1 onto the half-plane Im i] > 0. Finally, 
the function w = (r\ ~ i)/(r\ -f- i) maps the half-plane Imrj >0 
onto the circle | w | < 1 (see Sec. 34). □ 

Various examples of conformal mappings performed hy elementary 
functions can be found in Koppenfels and Stallmann [1]. 

Example 38. Suppose D is the domain lmz<0, | z -f il | > R> 
where l > R > 0 (Fig. 125). This domain can be called a noncon- 



centric annulus (a straight line is a circle with an infinite radius). 
Let us find the function that maps D conformally onto a concentric 
annulus. We start by determining two points that are symmetric 
with respect to the straight line Im 2 =0 and with respect to the 
circle | z -|- il | = R simultaneously. These points must lie on a 
common perpendicular to the straight line and the circle (Sec. 34), 
i.e. on the imaginary axis. From the fact that these two points are 
symmetric to the straight line Im z = 0 we conclude that they are 
-f ia and — ia, with a > 0, while from the fact that they are sym- 
metric with respect to the circle | z -f- il | = R we conclude that 
(Z 4- a) (l — a) = i? 2 , whence a — ]/ Z 2 — R 2 . Let us show that 
the sought-for function is 

< 35 - 18 > 

Indeed, under such a mapping the straight line Im z =0 becomes 
the circle y in Fig. 125. By the property of symmetry preservation 
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(see Sec. 34), points z = ±ia are mapped into the points w = 0 
and w = oo symmetric with respect to y. Hence, w = 0 is the center 
of circle y. Since point w (0) = — 1 belongs to y, we find that y 
is the circle [ w | == 1 in Fig. 125. Reasoning along the same lines, 
we conclude that the circle | z -f il | = R is mapped via (35.18) 

D 1 _ 

into the circle | U 7 | = where R x = • By the prop- 

erty of boundary correspondence (see Sec. 33), the function (35.18) 

maps D conformally onto the 
concentric annulus R x < 
I w | < 1 (Fig. 125). □ 
Example 39. Suppose D is 
the nonconcentric circle 
| 2 + 1 I > 9, | z + 6 | < 16 
(Fig. 126). Let us find the 
function that maps D con- 
formally onto a concentric an- 
nulus. To this end we deter- 
mine two points, a and b y 
that are symmetric with res- 
pect to the circles 
Fi g. 126 |z + l | =9 and |*+6 | =16 

simultaneously. These points 
lie on a common perpendicular to the circles, i.e. on the real axis 
(Fig. 126), which means that a and b are real. The fact that they are 
symmetric with respect to the given circles yields (see Sec. 34) 

(a + 1 ) ( 6 -f-l)= 81, (a + 6 ) (b + 6 ) = 256. 

Solving this system, we find that a = 2 and b — 26. As in Exam- 
pie 38, we can prove that the function w == maps D con- 

formally onto the concentric annulus 1/3 <C | w | < 1/2. □ 
Example 40. Suppose D is the domain | z — ih | > ]/" 1 4 - ft 2 , 
with h real. The boundary of D is the circle y centered at point ih 
and passing through the points z = ± 1 , z = ia, and z = —i/a y 
with a = h -f- }/~ 1 h 2 (Fig. 127). We wish to show that the Zhu- 
kovskii function w = \ [z 4 - is univalent in D . 

We start the mapping t = 1/z, with the points £ placed in the 
same complex z plane. Linder such a mapping the points z = zb 1 
remain in place, while the point z = ia is mapped into point z = 
— i/a, which means that y is mapped into itself (Sec. 34). Point 
z = 00 is mapped into the point £ = 0, which lies inside y. Hence, 

the exterior D of y is mapped into the interior D of y. Since D and D 
have no common points, Remark 2 enables us to conclude that the 

Zhukovskii function is univalent in D (and in D). 
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Let us find the image of D obtained as a result of the mapping 
performed by the Zhukovskii function. We notice that we can write 

iv =4 - (z 4 - — ) as w ~ - r — ( For this reason we can think 

2 \ 1 z J w + 1 \ 2 + 1 / 

of the Zhukovskii function as a combination of two functions: 


w-- 


i + E 


l — i 


t-(Sr) 


Under the mapping £ = ^ j 2 the circle y is mapped into the 


cut along a ray y connecting points £ == 0 and £ = oo. Under the 



1 _x_ ~ 

mapping w = -y+-| the ray y is mapped into the arc y' of a circle 

1 / 1 \ 

with its ends at points w = ±1. Since the function w = y ( z+ — j 
maps point z = ia into point w = [ia = ih, the arc y' 


passes through the point w = ih. Hence, the Zhukovskii function 
maps the exterior of y conformally onto the exterior of the arc y\ 
which has its ends at points w = ±1 and passes through point 
w = ih (Fig. 127). 

Note that the Zhukovskii function maps a circle C that is close 
to y and touches it at point z = —1 into a curve C ' (Fig. 127) that 
resembles the cross section of an airfoil. N. E. Zhukovskii used curves 
like C f to calculate the aerodynamic lift on an airfoil (see Lavrent ’ev 
and Shabat [1]). □ 


36 The Riemann-Schwarz Symmetry Principle 

In this section we will study a method of analytic continuation 
using symmetry considerations. The method is known as the Rie- 
mann-Schwarz symmetry principle and enables simplifying con- 
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siderably the solution of problems that involve the conformal map- 
ping of regions symmetric with respect to a straight line. 

36.1 Symmetry with respect to the real axis We start with 
Lemma 1 Suppose a curve y separates a bounded domain D into 
two domains , D x and D 2 (Fig. 128), and suppose we have a function 




f (z) that is regular in both D x and D 2 and is continuous in D. Then 
the function is regular in D everywhere. 

Proof. Without loss of generality we may assume that / ( z ) is 
continuous in D up to the boundary r of D. Consider the function 

f <»~s srj I 36 - 1 * 

r 


It is regular in D (see Sec. 16). If we prove that F (z) = f ( z ) for all 
z£D, the lemma will have been proved. 

Adding and subtracting integrals along y, we can write (36.1) 
for z £D 1 as 


F(z) = 



r m 
J 

ri 



(36.2) 


where Tj is the boundary of D j (j =1, 2). Here the integral along 
T 1 is equal to / (z) and the integral along T 2 is zero (see Sec, 10), 
i.e. F (z) = f (z) for z^D x . Similarly, F (z) = f (z) for z£D 2 . 
Hence, F (z) = f (z) for all z £D, since, by the hypothesis of the 
lemma, the function / (z) is continuous in D . 

Corollary 1 Suppose two domains , D x and D 2 , have no common 
points and border on a curve y (Fig. 128). S uppose we have two functions, 
f 1 (z) and f 2 (z), that are regular in and D 2 , respectively , and are 
ontinuous up to y. If the values of these functions coincide on y, then 


F 



U (*). 

/*(*). 


Z € £ 1 U Y. 

z6£ 2 


(36.3) 
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is the analytic cintinuation of f x (z) from domain D x into the domain 
D l []y\]D 2 . 

In this case we will say that f 2 {z) is the analytic continuation of 
/x (z) from D x into D 2 across curve y. 

In the theorem we will now prove, D is a domain whose boundary 
contains a segment y of the real axis, and D* is the domain symmetric 
to D with respect to the real axis (Fig. 129). 

Theorem 1 Let a function f (z) be regular in a domain D whose 
boundary contains a segment y of the real axis , and suppose domains D 
andD* have no common points. If f (; z ) is continuous up to y and assumes 
real values on y, then it can be continued analytically into the domain 
D U y U £*• The continuation is given by the formula 


,,,)_( Wb z6 ° UT - 

' 1 /(!), 2 6 D*. 

Proof. Let us prove that the function 


(36.4) 


fi (*) = / (*), (36.5) 


at each point z has a derivative /' ( z ). Consider the quotient 


fi {z + Az)~f 1 (z) 
Az 


f(z + Az)-f(z) 
Az 


/ (z + Az) — / (z) 
Az 


]• 


(36.6) 


Since z £D*, we can write z 6 D, and for a small A z the point z + Az 
also belongs to D (Fig. 129). Hence, as Az 0 the quotient (36.6) 

tends to finite limit equal to f (z), i.e. f[ (z) = /' (z). Thus, f x (z) 
is differentiable and, therefore, regular in D*. 

We will now show that the function F (z), defined by (36.4) is 
continuous in the domain D U y U T)*. Indeed, from the fact that 
/ (z) is continuous up to y it follows that lim / (z) = / (x), x 6 7* 

z-+x 

whence we find that lim f x (z) = lim / (z) = / ( x ), i.e. f x (z) is con- 

Z-+X Z-+X 

tinuous up toy. Since f (x) =f (x) by the hypothesis of the theorem, 
we can write f x (z) | zev = / (z ) \ ziy . Hence, F (z) is regular in 
D U 7 U D * » by virtue of Lemma 1, and is the analytic continuation 
of / (z). 

Note that under the hypothesis of Theorem 1, / x (z) defined by 
(36.5) is the analytic continuation of / (z) (from D into D* across y). 

Example 1. If an entire function / (z) assumes real values on the 
real axis, then for all values of z we have / (z) = f (z). For instance, 
e z — e z , sin z = sin z, cos z = cos z, sinh z = sinh z, and cosh z = 
cosh z. □ 

Example 2 . Suppose / (z) is regular in the half-plane Im z > 0 
everywhere except at a simple pole at point z 0 (Im z 0 > 0), is con- 
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tinuous up to the real axis, and assumes real values on the real axis. 
Let us show that if this function remains bounded as z -> oo, Im z ^ 
0, then 

f(z) = 1 4r+^^ + C, (36.7) 

z z 0 z — Zq 

where A = Res / ( z), and C is a real number. 

2-*Z 0 

Indeed, in this case the function given by (36.4) is regular in the 
entire complex plane everywhere except at simple poles at z 0 and 

z 0 , with Res F (z) = A (by virtue of (36.4)). Whence, the function 

2-20 __ 

A A 

g (z) = F (z) — is entire and bounded. Therefore, 

Z Z 0 z Zq 

by Liouville’s theorem (Sec. 19), g ( z ) = const, from which (36.7) 
follows. □ 

Example 3. Suppose / (z) is regular in the half-plane Imz> 0, is 
continuous up to the segments y ± : (— oo, a) and y 2 : (&» +°°)> 




with — oo < a ^ b < +oo, and assumes real values on these seg- 
ments. Then the function given by (36.4) is regular in the entire 
complex z plane with a cut along the segment [a, b]. □ 

Example 4. Let D 0 be the complex z plane with a cut along the 
segment [ — 1, 1] and with point z = oo deleted. We wish to prove 
that in D 0 we can isolate a regular branch of V z 2 — 1. 

Indeed, by the monodromy theorem (Sec. 24), in the half-plane 
Im z > 0 we can isolate a regular branch / (z) of Y z 2 — 1. Suppose, 
for the sake of definiteness, / (x) > 0 for x > 1. Then / (x) < 0 
for x < — 1 (Sec. 24), and Example 3 yields that (36.4) is a regular 
branch of l/z 2 — 1 in D 0 . □ 

36.2 Applications of the symmetry principle Suppose the con- 
ditions of Theorem 1 are met and also (Fig. 130) 

(a) the function w = f (z) maps domain D conformally onto 
a domain G in the upper half-plane Im w > 0; 

(b) the image of segment y is a segment y f of the real axis Im w = 0 
iy' is a section of the boundary of G). 

Then Theorem 1 yields 
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Corollary 2 The junction F (z) defined by (36.4) maps domain 
D 0 —D U y U conformally onto the domain G 0 = G{ J y' U 
where G* is the domain that is symmetric to G with respect to the real 
axis Im w = 0 (Fig. 131). 

Example 5. Mapping the exterior of a cross onto a half-plane. Sup- 
pose Do is the complex z plane with cuts along the ray [ — 4, -foo) 




and the segment [— 3i, 3i] (Fig. 132). Let us find the function that 
maps Do onto the upper half-plane Im w >0. 

At first it seems that r] = z 2 is the natural mapping (cf. Example 7 
in Sec. 35). But this mapping is not conformal because the function z 2 



is not univalent in D 0 (e.g. (4 i) 2 = ( — 4 i) 2 = — 16). We will then 
take only a “half” of £> 0 . Suppose D is the upper half-plane lmz>0 
with a cut along the segment [0, 3i] (Fig. 133). In such a domain the 
function r| = z 2 is univalent. 

From Example 7 in Sec. 35 it follows that the function £ = / (z) = 
Vz 2 -[-9 maps D conformally onto the domain G: Im £ > 0 
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(Fig. 133). Here / ( 2 ) is a regular branch of Y z 2 +9 such that 
f (x -f- £0) > 0 for x > 0. Under such a mapping the segment y: 
( — oo, — 4) is mapped into the interval 7 ': ( — 00 , — 5) (Fig. 133). 
In view of Corollary 2, the function £ = F (z) = Y z 2 + 9 maps the 
domain D 0 = D [} y [J D* conformally onto the domain G 0 = 
^ U y' U ' which is the complex t plane with a cut along the 
ray [—5, + 00 ) (Fig. 132). Here F ( 2 ) is the analytic continuation 



£= \fz 2 + 9 



G 


y’ 

’/////////////////^^ 


Fig. 133 


of / ( 2 ) into D 0 , i.e. F (z) is the regular branch of ]Az 2 -j- 9 in D 0 
such that F (x -f- iO) >0 for x > 0. 

Using the function w = Y t + 5 to map G 0 onto the half-plane 
Im w > 0, we arrive at the function w = ]/ 5 + ]/~ 2 2 -f 9, which 
maps D 0 conformally onto the half-plane Im w > 0 (Fig. 132). □ 

Example 6. Mapping the interior of a parabola on a half-plane . 
Suppose D 0 is the domain y 2 < 2p (x + p/2), with z = x -f iy, 
p > 0 (Fig. 134). Let us find the function that maps D 0 conformally 
onto the half-plane Im w > 0. 

The parabola y 2 = 2 p (x + pi 2) becomes a straight line under 
the mapping £ = Y z ( see Example 6 in Sec. 35). But D 0 contains 
the branch poiiit z = 0 of Y z - Then we take a “half” of D 0 , i.e. we 
assume that D is the domain y 2 < 2p (x -\- p/2), y >0 (Fig. 135). 
Let us find the function that maps D conformally onto the upper half- 
plane. 

(1) The function £ = Y z maps D (Fig. 135) conformally onto the 
semistrip IT: 0 <C Im $ <C Y p/2, Re £ > 0 (see Example 3 in 
Sec. 35). 

(2) The function rj = cosh (jt Y %UY p) maps II (Fig. 135) con- 
formally onto the half-plane Im r\ > 0 (see Example 23 in Sec. 35). 
Thus, the function r\ = cosh (jt Y %z/Y p) maps D conformally 
onto the half-plane Im r| >0 in a way such that the interval 7 : 
{—p/2, + 00 ) is mapped into the interval 7 ': (—1, + 00 ) (Fig. 135). 
By Corollary 2, the function r| == cosh (jt Y 2 z/Y p) maps D 0 con- 
formally onto the complex plane with a cut along the ray ( — 00 , — 1 ] 
(Fig. 134). 
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(3) The function w = Y — R — 1 maps the complex rj plane with 
a cut along the ray ( — oo, —1) onto the half-plane Im w > 0 
(Fig. 134). 

The final result is as follows: the function w = i\f 2 cosh (n]/^ ztV 2 p) 
maps Dq conformally onto the half-plane lmu?>0 (Fig. 134). □ 



Example 7. Mapping the interior of the right branch of a hyperbola 
onto a half-plane . Let us find the function that maps the domain 
D q : xVcos 2 a — y 2 /sin 2 a > 1, x > 0 (Fig. 136), where z = x -f iy, 
0<a< jt/2, conformally onto the half-plane lmu?>0. 

The function t = z -f /z 2 - 1, which is the inverse of the Zhu- 
kovskii function (see Sec. 35), “straightens out” the hyperbola. 



Ti=cosh 


jiV2i 


Fig. 135 


But Dq contains the branch point z = 1 of this function. For this 
reason we take only a half of D 0 \ suppose D is the domain ar 2 /cos 2 a — 
y 2 / sin 2 a > 1, a: > 0, y >0 (Fig. 137). Let us find the function 
that maps D conformally onto the upper half-plane. 

Carrying out the following mappings one after the other: 

T = 2 + Vz 2 —1 = e arC03h ", Tl = T*/ a , S = 4‘( 1 1+lf) 


21-01641 
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(see Examples 19f, 9 and 19a in Sec. 35), we find that the function 
£ = cosh | -2- arcosh zj maps D conformally onto the half-plane 

Im £ > 0, with the interval y: (cos a, -foo) mapped into the inter- 
val y': (—1, +°o) (Fig. 137). By Corollary 2, the function £ = 



cosh ^ -i- arcosh z j maps D 0 onto a domain G 0 , the complex £ 
plane with a cut along the ray (— oo, —1] (Fig. 136). 

The function w ==]/—£ — 1 maps G 0 onto the half-plane Im w > 
0 (Fig. 136). Thus, the function w = i Yl cosh — arcosh z | 
maps D 0 conformally onto the half-plane Im w > 0 (Fig. 136). □ 



Remark. Theorem 1 and Corollary 2 can easily be employed in the 
case where y and y' are arcs of circles (in particular, segments of 
straight lines). For this we must use a linear-fractional transforma- 
tion that maps y and y' into segments of the real axis and then use 
the property of symmetry preservation in linear-fractional mappings. 
For more details see Lavrent’ev and Shabat [1]. 
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Example 8 . Let D be the complex z plane with cuts along the seg- 
ments [0, e 2hn i/n], k = 0, 1, . . ., n — 1 (Fig. 138). We wish to 
find the function that maps D conformally onto the exterior of the 
unit circle. 

Consider the sector D 0 : 0 <C arg z <C 2n/n (Fig. 139). We want 
to find the function w = f 0 ( z ) that maps Z) 0 conformally onto the 



sector G 0 : 0 < arg w < 2jt/tz, | w | > 1 (Fig. 139), and satisfies 
the following conditions 

fo (1) = 1* to M = oo, f 0 (**»*/») = eW”. (36.8) 
Carrying out the following mappings one after another: 


C = z n/2 , ti = £ + ]/£ 2 — 1, w = ri 2/n 
(see Examples 9 and 19a in Sec. 35), we find that the sought-for 
function is w = f 0 (z) = (z n / 2 -f ]/z n — l) 2 / n (Fig. 139). Here / 0 (z) 



Fig. 139 

is the regular branch of (z n / 2 -f — l) 2 / n that satisfies the con- 
ditions (36.8) in D 0 . The function maps the ray y 0 : (1, +oo) into 
the ray y': (1, -foo) and the ray y x : (e 2n V n , -j-oo e 2ni l n ) into the 
ray y[: (e 2ni t n , -f-°° e 2ni / n ). 


21 * 
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We wish to show that there is an analytic continuation F (z) 
of the function / 0 ( z ) into the domain D and that the function w = 
F ( z ) maps D conformally onto the domain | w | > 1 (Fig. 138). 

Let us take the sector D x : 2n In < arg z < 4jt In adjacent to D 0 

and the sector G ± : 2ic In < arg w <C 4jt/rc, | w | > 1. The points 
of D ± are obtained from the points of D 0 by multiplying the latter 
by e 2niln \ the points of G x and G 0 are related in a similar manner. 
Hence, the function 

w =/j (z)] = e 2jli / n / 0 ’>“ 2jli/n z), z £D X , 

maps D 1 conformally onto G x , with f 1 (z) = f 0 (z), z 6 y l9 i.e. f x (z) 
is the analytic continuation of / 0 (z) from D 0 into D x across y x . 

Similarly, HD h is the sector (angle) 2fcrc/rc<;arg z < 2 (A + 1) nln 
and G h is the sector 2kn!n <C arg w <Z 2 (k -j- 1) jc In, | w | > 1, 
the function 

w = f h (z) = e 2hni / n f 0 (e~ 2hni f n z) y z £ Z)*, 


maps D h conformally on G k (k = 2, 3, . . ., ra), with (z) = 
/ft-i (z)* 2 € Yfc* where is the ray (e 2h3li l n t -[-oo e 2hni f n ). 
Obviously, D n coincides with D 0 and 

/» (z) = e 2n7li ' n f 0 (e~ 2 nJli ' n z) = / 0 (z), z 6 Z? 0 . 

Hence, the function w = F (z) = f h (z), z 6 D h U A = 0, 1, . . . 
. . ., rc — 1, is regular in and maps D conformally onto | w | > 1. 





777777777777777 ^ 777777777777777 , 7 
0 


Fig.'UO 

Thus, the function = (z n / 2 -f- j/V 1 — l) 2 / n maps Z) conformally 
onto the domain | w | > 1. □ 

Example 9. Let D be the half-plane Im z > 0 with cuts along the 
segments [&Jt, kn + ia], k = 0, ±1, ±2, . . .., 0 < a < +oo 
(Fig. 140). We wish to find the function that maps D conformally 
onto the half-plane Im w >0. 

We start with the semistrip D 0 : — n < Re z < 0, lmz>0 
(Fig. 141). Let us find the function w = f 0 (z) that maps D 0 confor- 
mally onto the semistrip G 0 : — n < Re w < 0, Im w > 0 (Fig. 141) 
and satisfies the conditions 

/ 0 (ia) = 0, / 0 (— n -f ia) = — n, f 0 (oo) = oo. 


(36.9) 
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Carrying out the following mappings one after another: 

£ = cos z, r) = £/cosh a, w = arc cos r\ 

(see Example 25 in Sec. 35), we arrive at the sough t-f or mapping: 

w = fo(*) = arccos 15 ih^’ 

where / 0 (z) is the regular branch of arc cos ^ in D 0 that satis- 
fies the conditions (36.9). Under this mapping the ray y 0 : (za, ia + 



Fig. 141 

ioo) is mapped into the rayy': (0, 0 -f zoo) and the ray y_ x : (— n-\- 

ia , — n -f- zoo) into the ray y'_ \ : ( — jt, — n + zoo). 

We can show that there is an analytic continuation F (z) of / 0 (z) 
into D and that the function w = F (z) maps D conformally onto 
the half-plane Im w > 0. 

Let us take the semistrip D x : 0 < Re z < Ji, Imz >0 adjacent 
to D 0 . The points of D x can be obtained from the points of D 0 by 
adding ji to the latter; the domains G ± and G 0 are related in a similar 
manner. Hence, the function 


w = U (z) = f 0 (z — ji) + n, z 6 Z>i 

maps D x conformally onto Gj, with (z) = f 0 (z) on the ray y 0 , Le. 
/i (z) is the analytic continuation of / 0 (z) from D 0 into D 0 across y 0 . 

Similarly, if D k is the semistrip (/c — 1) n < Re w <C.kn, Im w>>0 
and Gh is the semistrip ( k — 1) n < Re w <C kn, lmu;>0, then 
the function 

= f h (z) = / 0 (z — kn) + fa t, z f D h , 
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maps D k conformally ontoG*, k = 0, ±1, ±2, . . ., with f h (z) = 
fh - 1 ( 2 ) on the ray yu-i- ((* — 1) n + ia, (k — 1) n -f ioo). 
Hence, the function 


w = F (z) = f k (z), z 6 D k U Tfc, & = 0, ±1, ±2, . . 

is regular in D and maps D conformally onto the half-plane Imw> 
0 (Fig. 140). Thus, the function 

cos z 

w = arc cos r — 

cosh a 

maps D conformally on the upper half-plane lmu;>0. □ 

Example 10. Suppose w = f (z) is the function that maps the 
annulus AT: p <1 | 2 | <1 conformally onto the annulus K p' <C 
| w | <C R' . Let us prove that these annuluses are similar, i.e. 
p/p' =R/R'. 

Proof. Two cases are possible: (1) the circle | z | = p is mapped 
into the circle | w | = p', and (2) the circle | z | = p is mapped into 
the circle \w\=R'. 

We start with the first case. By the Riemann-Schwarz symmetry 
principle, there is an analytic continuation F 1 (z) of / (z) into the 
annulus K ± : pj < | z | <C R, with p t = p 2 /R. The function w = 
F l (z) maps K 1 conformally onto the annulus K\\ p' < | w \ < R r , 
where p' = (p') 2 /i?, in such a way that the circle | z | = p 4 is mapped 
into the circle j w | = p^. Similarly, there is an analytic continuation 
F 2 (z) of F x (z) (and / (z)) into the annulus K 2 : r 2 < | z | < i?, 
where r 2 = p 4 //? 3 , and so on. In this way we establish that there 
is an analytic continuation F (z) of / (z) into the annulus 0 < | z | < 
R, with lim F (z) = 0. Then point z = 0 is a removable singular 

z — ► 0 

point for F (z) (see Sec. 18), i.e. the function w = F (z) maps the 
circle | z | < R conformally onto the circle | w | < R' , with F (0) = 
0. Hence, F (z) is a linear-fractional function and F ( 00 ) == 00 
(see Sec. 34), i.e. / (z) =^4z, whence p/p' =R/R'. □ 


37 The Schwarz-Cristoffel Transformation Formula 

We will study the conformal mapping w = / (z) of the upper half- 
plane Im z >0 onto a polygon II in the complex w plane. We will 
use the following notations (Fig. 142): the A h are the vertices of II, 
k = 1,2, . . ., n , the na h are the angles of Tl at the A h , with 

n 

= n — 2, and the a h are the preimages of the A h in relation 

h= 1 

to the mapping w = / (z), i.e. / (a h ) = A h > 
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37.1 The Schwarz-Cristoffel theorem 

Theorem 1 Suppose a function w — f (z) maps the half -plane 
Im z > 0 conformally onto a bounded polygon II, 0 < a h ^ 2, 
a h =^= oo (k = 1, 2, . . . , rc). Then the Schwarz-Cristoffel transforma- 
tion formula is valid : 

z 

/(z) = c | (£ — a 2 )“ 2_1 ... (C-a n ) a n-i dC + Cii (37 1} 

20 

where c and c x are real , and the integral is taken along a curve lying 
in the half -plane Im z > 0. 

Proof. According to Riemann’s mapping theorem (Sec. 33), there 
is a function w = f (z) that maps the half-plane Im z > 0 conform- 



ally onto a bounded polygon II in a way such that a h oo (k = 
1, 2, ...» n). Let us investigate the properties of this function. 

(1) Suppose F (z) is an analytical function with the initial ele- 
ment / (z), Im z > 0. We will show that F (z) is analytic in the 
entire extended complex plane with the point a h (k = 1,2,... 
. . n) deleted. 

We will use the Riemann-Schwarz symmetry principle (see 
Sec. 36). The function w — f (z) maps the interval y h : ( a h , a h+1 ) 
into the interval T h : ( A h , A k+1 ), with a n+1 = a x and A n+1 = A ly 
and one of the intervals y kJ k = 1, 2, . . ., n, containing the point 
z = oo in its interior. According to the Riemann-Schwarz symmetry 
principle, there is an analytic continuation /| (z) of the function 
/ (z) into the half-plane lmz<0 across y h . The function w = f% (z) 
maps the half-plane Im z<0 conformally onto the polygon II 
which is symmetric to II with respect to the straight line l h of which 
the interval T h is a part (Fig. 143). 

Moreover, in view of the Schwarz-Cristoffel symmetry principle, 
there is an analytic continuation f hi (z) of ft ( z ) into the half-plane 
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Im z > 0 across y Jm The function w =f kj (z) maps the half-plane 
Im z > 0 conformally onto the polygon tl kj1 which is symmetric 
to the polygon II£ with respect to l* (Fig. 143). Repeating this 
process, we can find the analytic continuation of f kJ {z) into the half- 
plane Im z < 0 across y 8 , and so on. All these continuations define 



a function F (z) that is analytic in the entire extended complex plane 
with the points a k (k = 1 , 2, ...» n) deleted. 

(2) Let us prove that F ,, (z)/F / (z) is single-valued and regular 
in the entire extended complex z plane with the points a h ( k = 
1, 2, . . ., n) deleted. We will employ the same notations. Let 
us show that 

ft (z) = fjz) -f B k , Im z < 0, (37.2) 

where is real. Indeed, by the Riemann-Schwarz symmetry prin- 
ciple, the points w = / (z) and w* = /* (z) (Im z < 0) are symmetric 
with respect to the straight line l k . The linear function £ = (w — 
Ah) £~ i<p fc» where cp fe = arg ( A k +i — maps l k into the real 

axis Im 5 = 0, and points symmetric with respect to l h into points 
symmetric with respect to Im £ = 0 (see Sec. 36). Hence 

(w* — A h ) e~^ h = [(w-AJe-'**], 

from which (37.2) follows. 

Reasoning along the same lines, we obtain 

+ lmz>0. (37.3) 

Combining (37.2) with (37.3), we obtain 

fhi(z) = e^ h if(z) + B h) , lmz>0. 



The Schwarz-Cristoffel Formula 329 


Following exactly the same line of reasoning, we find that 
7-W = ( z ) + B, lmz>0, 


for any element / (2), Im 2 > 0, of function F (2), whence J" (z)/f (z) = 
/" (z)/f' (2). Similarly, for any element /* (2) Im 2 < 0 of function 

F (2) we obtain ( /*)"/(/ *)' = Thus, the function g (2) = 

F"(z)/F'(z) is single-valued. 

Let us prove that this function is regular in the entire extended 
complex 2 plane with the points a k (k = 1,2, . . ., n) deleted. 
Indeed, the function / (2) is regular in the half-plane Im 2 > 0 
and /' (2) =^= 0, since the mapping u; = / (2), Im 2 >> 0, is conformal. 
For this reason the function g (2) = /" (2)//' (2) is regular in the half- 
plane Im 2 > 0. The fact that g (2) is regular in the half-plane 
Im 2 < 0 can be proved similarly. 

Further, in view of the Riemann-Schwarz symmetry principle, 
the function / (2) is regular and univalent at each point of the real 
axis Im 2 = 0 except at the points a h (k = 1, 2, . . ., n). Whence 
/' (2) =7^ 0 for Im 2 = 0, 2 =7^ 00, 2 =£ a h (k = 1, 2, . . ., n), and 
/ (2) can be expanded about point 2 = 00 in the series 

/(2) = c 0 +-^+^+..., \z\ 1 >R, 


with =£ 0. Hence, the function /" (2)//' (2) and, therefore, g (2) = 
{z)l F' (2) are regular in the entire extended complex 2 plane 
with the points a h (k = 1, 2, . . ., n) deleted and can be expanded 
in a power series about 2 = 00: 


F" (z) 
F' ( 2 ) 


1 b-2 

~ ‘ Z 2 




(3) Let us prove that in a neighborhood of point a h the function 
/ (2) has the form 

f (z) = A h + (z — a h f ft (z) , (37 .4) 

where h h (z) is regular at a h , h h ( a h ) 0. 

Consider the semicircle K : \ z — a h | < e, Im 2 > 0, with e 
small and positive (Fig. 144). The function w = / (2) maps con- 
formally onto a domain A, the part of the polygon II that lies in the 
neighborhood of A h . 

The function £ = (u; — maps A conformally onto a do- 

main G y the part of the half-plane that lies in the neighborhood of 
point £ = 0. Hence, the function £ = g k (2) = [/ (2) — A n ]^ a h 
maps the semicircle K conformally onto G in a way such that g k ( a k ) = 
0 , and the image of the interval y: ( a h — e, + e) is the inter- 
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val y' containing point £ = 0 (Fig. 144). In view of the Riemann- 
, Schwarz symmetry principle, the function g k (z) is regular at point 

z = a k and ( a h ) =£ 0, i.e. g h ( z ) = (z — a h ) g h (z), where g h (z) 



is regular at point z = a k and g k ( a k ) =/= 0. The formula 
[/ ( 2 ) — A k \ i,a h = ( Z — a k ) g h (z) 

yields (37.4). 

(4) Let us prove that 


f (z) . 

n 

v “ft— 1 

/' (z) 

^ z — a k 


h = 1 


From (37.4) we obtain 

1" (z) _ “h — 1 

, ^ (z) 

/' (z) Z — a k 

^ Vh (z) 


where (z) == a h h k (z) -f- (z — a h ) h £ (z) is regular at point z = ( a h , 
and (a k ) = a k h k ( a k ) =/= 0. Hence, the function g(z) = F" ( z)/F' (z), t 
equal to f (z)//' (z) in the neighborhood of a h (Property 2), has a first 
order pole at a k and Res g (z) = a k — 1. If we combine this with 

z=a k 

Property 2, we find that the function 


H(z) = 


r (z) 
F' (z) 


S 

k=\ 


aft — 1 
z — a k 


is regular in the entire extended complex plane and tends to zero 
ns z -*■ 00 . Hence, by Liouville’s theorem (Sec. 19), H (z) = 0, 
which for Imz >0 yields (37.5). 

(5) Let us prove the validity of the Schwarz-Cristoffel transforma- 
tion formula (37.1). Integrating (37.5) along a curve that lies in the 
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half-plane lmz>0 with one of its ends at the fixed point z 0 and 
the other at point z, we obtain 

In /'(z)= (a ft — 1) In (z — a h ) + c, 

h= 1 

whence 

f (z) = c (z — a 1 )“ 1-1 (z — a 2 )“ 2-1 ... (z-a n )“' i-1 - 

Integration of the last formula results in the Schwarz-Cristoffel 
transformation formula (37.1). The proof of Theorem 1 is complete. 

37.2 Calculating the parameters in the Schwarz-Cristoffel trans- 
formation formula Formula (37.1) makes it possible to find the 
form of the function w = f (z) that maps the half-plane Im z >0 
conformally onto a bounded polygon II. Thus, if the polygon is 
given, i.e. if we know the vertices A k and the angles na k (k = 
1,2,..., n ), the problem of finding the function / (z) is reduced 
to finding the points a h (k = 1 , 2, . . ., n) and the constants c 
and c ± . Any three points out of the collection of the a h (k = 1,2,... 
. . ., n) can be selected arbitrarily (Sec. 33), but then the remain- 
ing a h and c and c x are determined uniquely. Let us study one method 
by which we can determine these points and constants. 

We write formula (37.1) thus: 

z 

/(z) = c ^ h(t) dt, + c u (37.6) 

*0 

where h (z) is a regular branch of the function (z — a i)* 1-1 (z — 

... ( z — d n ) an '~ 1 in the half-plane Im z > 0. Since the 

various branches of this function differ by constant factors (see 
Sec. 24), in the above formula only c (precisely, arg c) depends on 
which branch h (z) is selected. 

We will assume, for the sake of definiteness that points a x , a 2 , 

and a 3 are given, with a x < a. 2 , and that z 0 = (the constant c x 

depends on the choice of z 0 ). Putting z = a x in (37.6), we find that 
c ± = / (a x ) = A ± . Let us find arg c. Note that arg h {x) = 6 = const 
for a { << x <; a 2 . From (37.6) we have 

Q ? 

A 2 — A l = f(a. 2 ) — f(a 1 )=ce i * j \h{t)\dt, 

a l 

whence arg c = arg (A 2 — A x ) — 0. Thus, we can write (37.6) as 

z 

f(z) = Ae**]h(Qdl + A 1 , (37.7) 

a l 

where A is positive, and a = arg (A 2 — - A x ) — 0. 
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In formula (37.7) we still have to find n — 2 unknown parameters, 
namely, the positive number A and the real numbers a 4 , a 5 , . . . 
. . a n . From (37.7) we obtain 


± h + 1 


Y 

— A h = Ae ta \ h(t)dt m 

a k 


Bearing in mind that arg h ( x ) = const in the interval (a hf a k+1 ) r 
we obtain 


u h+ 1 


\A h +i-A h \=A j | h(t)\dt, k=i, 2, 


n. 


(37.8) 


Here a n+1 = a x , A n + X = and one of the intervals ( a k , 
k = , 2, . . ., 7z, contains point z = oo. 

The parameters A, a 4 , a 5 , . . ., can be found by solving the 
system (37.8). Theorem 1 implies that this system has a unique 
solution. In reality, however, it is not often that one can find these 
parameters by solving (37.8). Other methods for finding the param- 
eters in the Schwarz-Cristoffel transformation formula are available 
for simple polygons (see Examples 2 and 4 below). 

37.3 Mapping a half-plane onto a triangle and a rectangle Theo- 
rem 1 deals with the case where all the a h are finite. This leads to 
the following 

Corollary 1 Suppose a junction w = / (z) maps the halj-plane 
Im z > 0 conformally onto a bounded polygon II in a way such that 
the a h = 7 ^ oo (k = 1, 2, . . ., n — 1) but a n = oo. Then the following: 
formula is valid : 

z 

f(z) = c J«— a,)* 1 - 1 ^— a *)**' 1 ... (S-« n - 1 ) an - 1 " 1 ^ + c 1 . (37.9) 
20 

We can obtain this formula from (37.1) via a linear-fractional 
mapping of the half-plane Im z > 0 onto the half-plane Im £ >> 0 
that maps point z = a n into point £ = oo (see Lavrent’ev and Shabat 
[ 1 ]). Note that there is one factor less in (37.9) compared to (37.1). 
Therefore, it is usually more convenient to use formula (37.9) in- 
stead of (37.1). We will assume that z 0 = a lt so that c x = A x . 

Example 1. Mapping a half-plane onto a triangle . Let us find the 
function w = / (z) that maps the half-plane Im z > 0 conformally 
onto the bounded triangle II with vertices at A lf A 2 , and A 3 , where 
^=0, A 2 = 1, and Im^4 3 >>0 (Fig. 145). Here 0 < a h C 1 
(k = 1, 2, 3), — }— oc 2 — j— 0 C 3 = 1. 
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We put a x = 0, a 2 = 1, a 3 = oo (Fig. 145). From (37.9) we have 

z z 

f(z) = c J t“ 1 "i(C-l) a, " 1 dC = il J C* 1 '- 1 (1 
0 0 

where .4 and the integrand assumes positive values 

in the interval (0, 1). From 

l 

A 2 —A i =l = A j (1 — dt = AxB (a t , a 2 ) 

0 

we find that A = 1/5 (a lf a 2 ), where B (a x , a 2 ) is the beta function 
(see Kudryavtsev [1]). Thus, the function 

W —Biwrss' I (37.10) 

0 

maps the half-plane lmz>0 conformally onto the triangle EL □ 



© 

A 3 --l+iH iH A 2 -\ J riH 



Fig. 146 

Example 2 . Mapping a half -plane onto a rectangle . Let us find the 
function w = / (z) that maps the half-plane Im z >0 conformally 
onto the bounded rectangle II with vertices at points A h {k — 
1, 2, 3, 4), where A x = 1, 4 2 = 1 + iH , = —1 -f *77, 

4 4 = -l, tf>0, and a h =1/2 (* =1, 2, 3, 4) (Fig. 146). 
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Let us take the right half of the rectangle II, the rectangle 11+- 
with vertices at points 0, 1, 1 -f- iH, and iH (Fig. 147). Suppose 
iv = f (z) maps the first quadrant Re z > 0, Im z > 0 onto n + 
in a way such that / (0) = 0, / (1) =1, and / (oo) = iH. It maps 
the interval y: (0, -f-i'oo) into the interval y': (0, iH), and the point 
z = a, 1 < a < +oo, is the preimage of point w = 1 iH 
(Fig. 147). 

Using the Riemann-Schwarz symmetry principle (Sec. 36), we 
continue / ( z ) analytically into the half-plane lmz>0 and denote 



Fig. 147 


the analytic continuation by / (z), too. The function w = / (z) 
maps the half-plane lmz>0 conformally onto II (Fig. 146) in 
a way such that / (0) = 0, / (±1) = ±1* / (±a) = ±1 + iH , 
and / (oo) = iH. 

Formula (37.1) yields 



/( 1-C 2 ) (1-^ 2 ) 


(37.11) 


where ft - 1/a, 0< 1, and (1 — t 2 ) (1 — ft 2 < 2 ) > 0 at 0 < 

t <C. 1. Here, in view of (37.8), the parameters ft, .4, and H are 
related through the following equations: 

l i ik 

f dt _J_ f eft 7/ 

J l/(l — * 2 ) (1 — kH 2 )— A ’ J / (t 2 — 1) (1 — W) ^ 

The integral (37.11) at ^4 = 1 is known as Legendre's normal 
elliptic integral of the first kind. The inverse of (37.11), i.e. z ( w ), 
is known as Jacobi's elliptic function. It maps the rectangle II con- 
formally onto the half-plane Im z > 0. 
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Here are the main properties of (z): 

(1) It is regular in the complex z plane everywhere except at the 
points 

2=2w+ iH (2k + 1) 

(here k and n are integers), which are simple poles for this function. 

(2) It is two periods, T 1 = A and T 2 = 2Hi, i.e. 

yp (z + An + 2 Hki) = \p (z) 

(here k and n are integers). 

We can prove these properties in the same way as we proved 
Theorem 1. Note that elliptic functions enable finding the conformal 1 
mapping of the interior of an ellipse onto a half-plane (see Lav- 
rent’ev and Shabat [1]). Elliptic functions are considered in greater 
detail in Hurwitz and Courant [1] and Privalov [1], 

37.4 Mapping a half-plane onto an open polygon Let us consid- 
er an open polygon n that does not contain point w = oo in its 
interior. Suppose that one or more vertices of this polygon lie at 
point w = oo. If jxa^ is the angle at the vertex Aj = oo of II, then 

—2 ^ a j ^ 0 (Sec. 33). This sign convention retains the relation- 
al 

ship 2 a h = n — 2. 
i 

We can prove that both Theorem 1 and Corollary 1 are valid, i.e. 
we have 

Theorem 2 The conformal mapping w = / (z) of the half-plane 
Im z > 0 onto II is performed by 

(a) function (37.1) if a k =+ oo (k = 1, 2, . . ., n), 

(b) function (37.9) if a h =£ oo (k = 1, 2, . . ., n — 1) but a n = oo. 
The proof of the theorem is similar to that of Theorem 1 (for more 

details see Lavrent’ev and Shabat [1]). 

Example 3. Suppose II is a triangle with vertices at A x = 0, A 2 = 
1, and A 3 — oo and 0 < ^ 2, 0 < a 2 ^ 2, and —2 ^ a 3 ^ 

0, with + a 2 + a 3 = 1. Theorem 2 and Example 1 imply that 
the function (37.10) maps the half-plane Im z >0 conformally onto IT. 
Figure 148 shows examples of such triangles: 

(a) a 4 = -j- y (X 2 = ~ 2 ~ i a 3 = ~ y 

(b) a 4 = f a 2 = 4’ a 3=- 1 ’ 

z x 0 1 3 

(c) a t = 2 f a 2 = -y, a 3 =— — 

3 3 

(d) =— , a 2 = — , a 3 =— 2 - 
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Formula (37.10) then yields 


(a) w= — [arc sin Y z ~~ y^zV 1— Y z \\ 


ZY 2 £ 2/2 

i +£ 4 


(b) ^ = 4-[ arctan T^ + artanh T+^ 

(c) w= 1 — (l + -j-) /l — z; 

(d) = [arc sin ]/*2 + (2z — 1) / z (1 — z)]. 


]• 


Here we have taken the branches of multiple-valued functions that 
are positive for z = x, 0 < x < 1. □ 



A\ — 0 oo 

(c) (d) 

Fig. 148 


Example 4. Let II (a rectangle) be the strip 0 <C Im w < n with 
a cut along the ray ( — oo -j- ifot, i/wt], 0 < h .< 1 (Fig. 149). Here 
< 4 1 = i/jjt, /1 2 = oo , A 3 = oo , A 4 = oo,^ = 2, a 2 = a 3 =a 4 =0. 
We put a x =0, a 2 = 1, and a 3 = oo. Then a k = —6, with 0 < 
b < oo • In view of Theorem 2 and formula (37.9), the conformal 
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mapping of the half-plane Im z > 0 onto II is performed by the func- 
tion 


“ , = ^ 2 ) ==C J ■ (E-iVk + 6) + ih *- ( 37 - 12 ) 

0 

Let us find arg c (cf. Sec. 37.2). We take the point z 1 in the interval 
(0, 1): = * lf 0 < x 1 <C 1. Its image is point w 1 — f (z 3 ), which 


Im z > 0 


0 3 =oo l a 4 =-b \ a,= 0 / a 7 = 1 ^ ff 3 =oo 

z 3 z 4 z l z 2 



^//^////////^^^^ 

^4=00 »V 3 Jti >l 3 =oo 

vzmzz&mm&mmznzznnmzmR> 

A 2 — 00 H ’i A\=nih 


A 2 - o° >v 2 0 -43=oo 

3 * 3 777Z&7777777777777777777ZP777Z^ 

Fig. 149 


lies on the side ^4^4 2 °f n r (Fig. 149), i.e. Re < 0, Im w 1 = hn. 
Then (37.12) yields 

a ? tdt 

w l A, — c J (t _ 1){t+b) ■ 

0 

Here w x — A x = Re w i < 0, and the integrand is negative (0< 
t x x < 1). Hence c is positive. 

Thus, two unknown parameters are left in (37.12), namely, c < 
0 and b > 0. Let us find them. 

Suppose z x = 1 — p and z 2 =1 -f p, where p > 0 is small. Then 
point u?i = f (z x ) lies on side ^4^4 2 and point w 2 = f (z 2 ) on side 


22-01641 
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A 2 A 3 (Fig. 149), whence Im (w 2 — w x ) = — nh. From (37.12) we 
have 

W 2 — W 1 = f (z 2 ) - / (z t ) =c j (£ _ , (37.13) 

c p 

where C Q is the semicircle | £ | = p, Im £ ]> 0 oriented clockwise 
(Fig. 149). 

We consider the integral (37.13). Point £ = 1 is a first order pole 
for the integrand and 

(C— 1) (t+« 1 + & ‘ 

Hence, 

(£-!)(£ + &) ~ i + b £— 1 V”’ 


where £ (£) is regular at point £ = 1 and, therefore, is bounded in 
a neighborhood of this point: | g (£) | ^ M. This means we can write 
the integral (37.13) as a sum of two integrals. The first is 


c f dt, _ cni 

J T-T“' — T+T* 

c p 

For the second integral we have the estimate 

j*(C)dG = 0(p) (P — 0) 

c p 

since I f g(t) dt, |<Mnp. 

i 

From (37.13)-(37.15) we obtain 


(37.14) 

(37.15) 


Im(u> 2 — w t )= — nh = jii_ + 0(p) (p-v-0), 

whence, as p -> 0, we find that 

- jr- h - (37 - 16 ) 

Note that the method of obtaining (37.16) from (37.12) we have 
just discussed can be applied to any polygon, with w in the neighbor- 
hood of the vertex A k if a k =0. Let us apply it to n in the neigh- 
borhood of point A a . We have 

a>4-a>! = /(*4) — /(**)=« j ( g_y| +fc) » 

n f 



The Dirichlet Problem 339 


where z 3 — —5 — p , z 4 = —6 -j- p, Im (w 4 — w 3 ) = n (h — 1), and 
C p is the semicircle | £ + 6 | = p f Im £ ^ 0 (Fig. 149). This im- 
plies that 

Im (u> 4 — w 3 ) = n(/i— 1)= ^y + 0(p) (p — 0) 

and, as p — >■ 0, we find that 

TTF” 1 — < 37 - 17 > 

Solving the system of equations (37.16), (37.17), we find that 


Substituting these values into (37.12) and evaluating the integral, 
we obtain 

w = f (z) = \n [(z — l) h (l -f . □ 

Note that the function £ = e w (see Sec. 35.4) maps II onto G, the 



half-plane Im £ > 0 with a cut along the segment [0, e inh ] (Fig. 150)* 
Hence, the function 

maps the half-plane lmz>0 conformally onto G. 

38 The Dirichlet Problem 

A broad class of steady-state physical problems can be reduced to 
finding the harmonic functions that satisfy certain boundary condi- 
tions (e.g. see Lavrent’ev and Shabat [1] and Vladimirov [1]). In 
this section we will consider a method of solving such problems via 
conformal mappings. 

38.1 Statement of the Dirichlet problem. The existence and 
uniqueness of a solution Suppose we know a continuous function u 0 ( z ) 
on the boundary T of a bounded domain D . The classical Dirichlet 
problem for Laplace’s equation can be formulated thus: to find a 


22 * 
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function u ( z ) that is harmonic in D, is continuous up to the bound- 
ary T, and assumes on T the values of u 0 ( z ): 

sj 2 u = 0, z £D; u | zer = u 0 ( z ). (38.1) 

Here and in what follows u (z) = u (x, y) and u 0 ( z ) = u 0 ( x , y) 

are real functions, and V 2 = d 2 !dx 2 -f d 2 !dy 2 is Laplace’s operator. 

The solution of the classical Dirichlet problem (38.1) exists and 
is unique. The existence proof can be found, for instance, in Vla- 
dimirov [1], while the uniqueness follows from the maximum and 
minimum principle for harmonic functions (Theorem 5 of Sec. 32). 

Indeed, suppose u x (z) and u 2 (z) are two functions that are harmon- 
ic in Z), are continuous up to T, and equal on T, i.e. | ze r = u 2 | 2 gr- 
Then the difference u x (z) — u 2 (z) is harmonic in Z>, is continuous 
up to T, and is zero for z 6 T. By Theorem 5 of Sec. 32, u x (z) — 

u 2 (z) = 0 for z £D, i.e. u x (z) = u 2 (z), z £ D. 

Along with the classical Dirichlet problem (38.1) we will consider 
a more general Dirichlet problem, namely, when, u 0 (z) is bounded 
and has a finite number of discontinuities. We wish to find a func- 
tion u (z) that is harmonic in D, is bounded in Z>, is continuous up 
to the boundary at all points at which u 0 (z) is continuous, and 
satisfies the condition u (z) = u Q (z) at such points. Note that D may 
not have a boundary. 

The solution of this Dirichlet problem exists and is unique (e.g. 
see Vladimirov [1]). 

The example below shows that if we lift the condition that u (z) 
be bounded in D, the uniqueness theorem becomes invalid. 

Example 1. (a) The function u (x, y) = y, which is harmonic in the 
half-plane y > 0, is continuous up to the boundary and is zero at 
y = 0 (x = 7 ^ oo). The function that is identically zero obviously 
satisfies the above-mentioned conditions, too. 

(b) The function u(x, y) = = Re T~~’ which is 

harmonic in the circle x 2 + y 1 < 1, is continuous up to the boundary 
x 2 -f- y 2 = 1 except at point (1, 0), and is zero on x 2 -f- y 2 — 1 ex- 
cept at point (1, 0). The function that is identically zero obviously 
satisfies this condition, too. □ 

37.2 The invariance of Laplace s equation under conformal mappings 

Theorem 1 S uppose a regular function z = g (£) maps a domain D 
conformally onto a domain D , and let u {z) be a function that is har- 
monic inD . Then the function u (£) = u (g (£)) is harmonic in G. 

Proof. Let us take a simply connected domain G ± a G. The image 
of G ± obtained as a result of the conformal mapping z = g (£) is a 
simply connected domain D 1 cz D. Suppose / (z) is a function that 
is regular in D and such that Re f (z) = u (z) (the existence of such 

a function was proved earlier, in Sec. 7). Then the function / (£) = 
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/ (g (£)) is regular in G x and, hence, u (£) = Re / (£) is harmonic 
in G x (see Sec. 7). Since G ± is an arbitrary simply connected subdo- 
main of G, we can assume that u (£) is harmonic inG. 

Here is an alternative proof of Theorem 1. We introduce the func- 
tions x (£, T]) = R eg (0 and y (E, r\) = Im g (£), where £ = l + 
ir\. Then the mapping z = g (£) (z = x -f iy) can be written thus: 

x = x (E, r]), y = y (E, rj). (38.2) 

Since g (£) is a regular function, the functions £ (E, r|) and z/ (E, r|) 
satisfy the Cauchy-Riemann equations. This means that under the 
change of variables (38.2) we obtain 


d 2 u , d 2 « / d 2 « , 

dg 2 IFif" ~ \ “5X 2 " 


d 2 u 
dy 2 


) l^'(C)l 2 . 


(38.3) 


This implies that if u ( 2 ) is a harmonic function in the variables x 

and y, then u (L) = u (g (£)) is a harmonic function in the variables 
E and rj, i.e. Laplace’s equation is invariant under conformal map- 
pings. This fact lies at the base of the method of solving the Diri- 
chlet problem via conformal mappings. 

Example 2. Suppose D is the domain lmz<0, | 2 + il | > /?, 
where l > R > 0 (Fig. 125, Sec. 35). Let us solve the Dirichlet 
problem 

V 2 zz =0, 2 £ D; (38.4) 

U I im 2 = 0 * U || 2 + ii|=R = T = const. (38.5) 

Let us consider the conformal mapping £ = h ( 2 ) = of Z> 

onto the concentric annulus K: i? x < | £ | < 1, where a = / 2 — i ? 2 

and = (i? + Z — a)/(i? + l -f a) (Example 38 in Sec. 35). The 

straight line Im 2 — 0 is mapped into the circle | £ | = 1, and the 

circle [ 2 4 - il | = R into the circle | £ | = R x . Let 2 = g (£) be 
the inverse of the function £ = h ( 2 ). By Theorem 1, the function 

u (£) = u (g (£)) is harmonic in K: 

S7 2 u =0, £ 6 K. (38.6) 

Conditions (38.5) then imply that 

u 1 1 1 , = 0, u | 1 1 | =Hl = T. (38.7) 

Thus, the Dirichlet problem (38.4), (38.5) has reduced itself to the 
Dirichlet problem (38.6), (38.7). Let us solve the latter. 
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Suppose £ = £ -f- ir\ = pe ie . After substituting £ = p cos 0 and 
T) = p sin 0 we can write Laplace’s equation (38.6) as follows: 

dhx . 1 du . 1 d 2 Z 

d 2 p ' p dp ' p 2 d0 2 

Since the boundary functions in (38.7) do not depend on 0, it is natu- 
ral to assume that the solution to (38.6), (38.7) is independent of 

6, i.e. function u (£) depends only on one variable, p. If we find such 
a solution, we will have proved, in view of the fact that the Diri- 
chlet problem can have only one solution, that the solution to (38.6), 

(38.7) does not depend on 0. When u (£) is independent of 0, La- 
place’s equation (38.6) is an ordinary differential equation: 


dp 2 T p dp 


The general solution of this equation is u (£) = c x -}- c 2 In p = 
Ci + c 2 In I £ |. The boundary conditions (38.7) yield c ± = 0 and 
c 2 = T/ln if,, i.e. the function 


“(£) = 


T 

\nR l 


InlCI 


is the solution to (38.6), (38.7). To find the solution to (38.4), (38.5) 
we need only to go over to the variables x and y (z = x + iy). Since 

u (. z ) = u (h (z)) and 


Id =-!*(»)!- 


\x 


2 -L w 2 — a 2 


a 2 + i2ax\ 


x 2 -\-(y — a) 2 ’ 

we conclude that the solution to (38.4), (38.5) is the function 


u(x, y) 


T 1 Y (^ 2 + J/ 2 — a 2 ) 2 + ka 2 x 2 
In n x 2 + (y-a) 2 


with a = Vl 2 - R 2 and R x = (R + l - a)/(R + l + a). □ 

38.3 The Dirichlet problem for Laplace s equation in a circle 

Theorem 2 Suppose a function u ( z ) that is harmonic in the unit 
circle | z*\ <C 1 is continuous in the closed circle \ z | ^ 1. Then the 
f llowing Poisson integral formula is valid : 


u (re i( v) 


ZJl 

=J_ f _ 

2k J 1- 


1 — r 2 


2 r cos (cp — 0) + r 5 


- u(e iQ )dQ , (38.8) 


with z = re i{ v, 0 ^ r < 1. 

Proof . Note that at z = 0 this formula coincides with (10.6) (the 
mean value theorem for harmonic functions). Let us show that for 
z =^= 0 the value of u (z) can also be found by employing the mean value 
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theorem and a conformal mapping. We fix point z 0 = r 0 e i( p°, 0^ 
< 1, and consider the conformal mapping 


£ = h(z) 


z — Zp 

1 — ZZ 0 


(38.9) 


of the circle [ z | < 1 onto the circle | £ | < 1 , h ( z 0 ) == 0 (Sec. 34). 
From (38.9) we find that 

2=^(0 = -^-. (38.10) 

1 + ^0 

The function z = g (£) maps the circle | £ | < 1 conformally onto 
the circle | z | <C 1, so that g (0) = z Q . 

By hypothesis, u (z) is harmonic in | z | <C 1 and continuous in the 

closed circle | z | ^ 1. Hence, the function u (£) — u (g (£)) is har- 
monic in the circle | £ | < 1 (Theorem 1) and continuous in the 
closed circle | £ |^1. By the mean value theorem for harmonic func- 
tions (Sec. 10), 

2it 

u (z 0 ) = u (0) — j u (e^) city. (38.11) 

o 

We return to the old variables. In (38.11) we introduce the substitu- 
tion 

' = fe(g <e ) = el9 ~ e i°- . (38.12) 

1 6 Zq 

Then u (e^) = u (h (e ie )) = u (e ie ). From (38.12) we find that 


dty = 


1-Uol 2 


(e i9 - Zo ) («- i0 -z„) 


=-dQ = 


1 — rg 

1—2 r 0 cos (cp 0 — 6) + r§ 


dQ. (38.13) 


If in (38.11)-(38.13) we substitute z = re'v for z 0 = r 0 e i{ V\ we arrive 
at the Poisson integral formula (38.8). The proof of the theorem is 
complete. 

Let us transform the Poisson integral formula. We note that 

l-r 2 1— |z| 2 _ R * i9 + z 

1 — 2r cos (cp — 6) + r 2 ' | e ie — z | 2 e ie — z ’ 

which means that instead of (38.8) we can write 
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since u (e ie ) is a real function. If in (38.14) we put e je = £, and 
dd = d£/i£, we obtain 

u(z) = Re-±- j 1*1 <1, (38.15) 

10=1 

which is an alternative form of the Poisson integral formula. 

Remark 1. The mean value theorem is valid for functions that are 
harmonic and bounded in a circle and are continuous up to the bound- 
ary of the circle everywhere except at a finite number of points. 
For this reason the Poisson integral formula is valid for such func- 
tions. 

Corollary 1 Let a function f (z) be regular in the circle | z | <C 1 
and its real part u ( z ) == Re / {z) be continuous in the closed circle 
| z |^1. Then the following Schwarz formula is valid: 

/(z)=4r J w (£)4±7-f- + * I m/( 0), |Z|<1. (38.16) 

i;i=i 

Proof. Let F (z) be the integral on the right-hand side of (38.16). 
The function F (z) is regular in the circle | z | < 1 (Theorem 1 of 
Sec. 16) and, by (38.15), Re F (z) = u (z) = Re / (z). Hence, F (z) = 
/ (z) iC (see Sec. 7.3), withC a real constant. Since 

2ji 

f (°) = J “in -f=4r J “(^ i9 )^ 0 =«( 0 )- 

i;i=i o 

we conclude that Im F (0) = 0. The fact that Im F (0) = Im / (0) -f- 
C implies that C = — Im / (0), i.e. F (z) = / (z) — i Im / (0), 
from which formula (38.15) follows. 

The Poisson integral formula can be used to solve the Dirichlet 
problem for Laplace’s equation in the circle | z | < 1. For one, if 
the boundary function is a rational function of sin cp and cos (p, 
the integral in (38.15) can be evaluated using the theory of residues. 
Example 3. Let us find the solution to 

V 2 u = 0, |z | < 1; „| |2|=1 = ^^_, (38.17) 

where z = re i(f> . We will use formula (38.15). Suppose £--=e i0 . Then 

sin 0= 4r (£ — t) ’ cos0 = t '•'t) ’ and 

/c.v sin0 _ £ 2 — 1 

5 -L .4 cos 0 ~ 2t (2£ 2 + 5£ + 2) ’ 

So we have to evaluate the integral 

l-J— f (£ 2 -l)(C+z) 

2«i J 2i(2L, 2 + 5£+2)(£- 2 )£ 

iti=i 
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where the circle | £ | = 1 is oriented counterclockwise. The F (£) 
in the domain | £ | > 1 has one finite singular point £ = — 2, which 
is a first order pole, and a removable singularity at £ = oo. Hence r 
by (28.19), 

1= — Res F (£) — Res F (£). 

;=- 2 £=*> 


Then, by (28.3) and (28.12), 

2 — z 


Res F (£) ■■ 

E=-2 


4i(2 + 2) ’ £ 


, Res F (£) = jr , 7 


2i (z + 2) 


Finally, from (38.15) follows the solution to (38.17): 


u(x v) — Re _ i_ _ — y - rsn( f n 

The Dirichlet problem for Laplace’s equation in an annulus p <C 
| z | < R (for one, in a circle or in the exterior of a circle) can 
also be found by separation of variables, or Fourier’s method (e.g. 
see Vladimirov [1]). The following harmonic functions are used in 
this case: 


In r, r n cos /zcp, r n sin ncp, n = 0, +1, +2, .... (38.18) 

38.4 The Dirichlet problem for Laplace’s equation in a half- 
plane 

Theorem 3 Suppose a function u (z) that is harmonic and bounded 
in the half -plane Im z > 0 is continuous up to the straight line Imz = 
0 everywhere except , perhaps , at a finite number of points. Then the 
following Poisson formula is valid : 

“«+” d, < < 3s - i9 > 


with z = x + iy , and y > 0. 

Proof. We fix a point z 0 = x 0 + iy Ql y 0 >0, and consider the 
conformal mapping 

£ = M*) = ++ (38.20) 

of the half-plane Im z > 0 onto the unit circle | £ | < 1, h (z 0 ) = 
0 (Sec. 34). From (38.20) we find that 

Z = g(l)= S ++ . (38.21) 

The function z = g (£) maps the circle | £ | < 1 conformally onto 
the half-plane Im z > 0 in a way such that g (0) = z 0 . By Theorem 1, 

u (£) = u (g (£)) is harmonic in | £ | < 1. By hypothesis, u (£) is 
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bounded in | £ | <C 1 and is continuous up to | £ | =1 everywhere 
except at a finite number of points. By the mean value theorem (see 
Remark 1), 

2it 

u (z 0 ) = u(0) = ^ u (e^) dty- (38.22) 

o 

We return now to the old variables. In the integral in (38.22) we 
introduce the following substitution: 

e«* = fc(f) = i=|s L. (38.23) 

t Zq 


We have u (e^) = u (h ( t )) == u ( t ). From (38.23) we find that 




Zq Zq 

i \t — z 0 | 2 


dt == 


2y o 

(t— xo) 2 +yl 


dt. 


(38.24) 


Substituting z = x -f- iy for z 0 = x 0 -f- in (38.22)-(38.24), we 
arrive at (38.19). 

Since 

y u 1 

(t-x)* + y* <(*-*) ’ 


we can write the Poisson formula (38.19) in the following form: 


+<*> 




(0_ 

z 


dt. 


(38.25) 


With (38.19) or (38.25) we can solve the Dirichlet problem for 
Laplace’s equation in the half-plane lmz>0. For example, let 
us consider the following problem: 

V 2 u =0, y >0; u | ys=0 = R (#)> (38.26) 

where the rational function R ( z ) is real, has no poles on the real axis, 
and tends to zero as z -+oc . By (38.25), the solution to this problem 
is given by the function 

u(z) = Re-^r \ / -■ — dt, 

x ' ni J t — z 

— oo 

with Im z >• 0. The integral can be evaluated via residues (see Sec. 
29.2): 

»(*)=— 2 Re 2 Res 

Im £ ft <0 b 


(38.27) 
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Here the residues are taken over all the poles of R (£) that lie in the 
half-plane Im £ < 0. 

Example 4. We wish to find the solution to 

V 2 w = 0, y> 0; »|„= 0 = jqrjr . 

Formula (38.27) yields 

u ( z )= — 2Re^Res (1 + ^ 2)(£ _ z) = — 2Re 2 7 (1+7) 

— y + 1 □ 

Let us take the Dirichlet problem for Laplace’s equation in an 
arbitrary simply connected domain: 


V 2 w =0, z £D; u | r = u 0 (z), (38.28) 


where the boundary T of D consists of at least two boundary points. 
The solution to this problem can be found via a conformal mapping 
of D onto a circle or a half-plane and the Poisson formula. 

Suppose the function £ — h (z) maps D conformally onto the half- 
plane Im £>0, with z = g (£) the inverse of £ =h(z). Then 

u (£) —u (g (£)) is harmonic in the half-plane Im £ >0, and 

U 1^=0 = u 0 (g (z)) | z€ r = u 0 (£), 
with t, = S -f irj. By (38.25), 

n(£) = Re — ( 

JXi J t— £ 


We now substitute £ = h (z) and t = h (x) into this formula. This 
brings us to the solution to (38.28): 


w < z ) = Re 4- 1 

r 


U 0 (T)h' (t) , 

h{T) — h(z) 


(38.29) 


Similarly, if the function w = / (z) maps D conformally onto the 
unit circle | w | < 1, then we can employ (38.15) and write the solu- 
tion to (38.28) in the form 


u (z) = Re 


1 

2n i 



/(» + /(*) 

/(£)-/(*) 


/' (C) 


/(t) 


dl. 


(38.30) 


When solving (38.28), instead of evaluating the integral (38.29) 
or (38.30) it is often convenient, after we have found the conformal 
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mapping £ = h (z) of D onto a circle or half-plane, to evaluate Pois- 
son’s integral in (38.8) or (38.19) and then substitute £ = h (z). 
Example 5. Let us find the solution to 

V 2 ^ -0, 0<yCn; (38.31) 

f 1 for x > 0 

“ l »-" = (ofor i <0, “ 0 - < 38 ' 32 > 

where z = x -f iy. The function £ = e 2 (£ = £ + ir|) maps the 
strip 0 < y < jc conformally onto the half-plane r] > 0 (Sec. 35). 
The boundary condition (38.32) then becomes 

~ f 1 for 6 > 1, 

’* l” =0 ( 0 for |<1. 


From (38.19) we find that 


oo 


«(0 = 



U d/ 

(£-/) 2 + ti 2 


2 


— arc tan 
n 


1-6 

n 


Finally, if we substitute £ = cos y and r| = e x sin z/, we arrive 
at the solution to the Dirichlet problem (38.31), (38.32): 

z x 1 1 . e~ x — cos y — 

u (z) = -z arc tan : — . □ 

v ' 2 jt sin y 

38.5 Green’s function of the Dirichlet problem The function 
G( z ,t,)=-^-ln\z — £\+g(z,£), z£Z), l£D, (38.33) 


is known as Green’s function of the Dirichlet problem for Laplace’s 
operator in domain D if g ( z , £) satisfies the following conditions: 

(1) it is harmonic in D for each £ 6 D, i.e. 

•§- + -|p- = 0, z = x -ir iy £ D; (38.34) 

(2) it is continuous up to the boundary T of D for each £ £ D and 

g( z y £)Uer= — 2 jT In |2 — £| 2 er. (38.35) 

Note that the second condition means that 

G (z, £) 26r = 0. (38.36) 

Thus, for each £ £ D the function g (z, £) is a solution of the Di- 
richlet problem (38.34), (38.35). From the fact that a Dirichlet prob- 
lem has only one solution it follows that Green’s function exists and 
is unique in any bounded domain with piecewise smooth boundary. 
Let us show that finding Green’s function in a simply connected 
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domain is equivalent to determining the function that maps this do- 
main into the unit circle. 

Theorem 4 Suppose D is a simply connected , bounded domain and 
let the function w = w (z, £), z 6 D , £ 6 D, for each £ £ D map D 
conformally onto the unit circle \w\<C.^ina way such that z 6 £ is 
mapped into point w = 0, and w (£, £) =0. Then Green's function 
of the Dirichlet problem for Laplace's operator in D is 

G(z, £) = -^ r 1 n|^(z, C)|. (38.37) 

Proof . We fix a point £ £D. Since the mapping w = w (z , £) is 
conformal, i.e. the function w (z, £) is regular and univalent in D, 
we conclude that dw (z, £)/dz =£ 0 for z £D. The fact that w (£, 
£) = 0 implies that w (z, £) =£ 0 at z £. Hence, we can write 

w (z, £)=(*- £)!>(*, £), (38.38) 

where of (z, £) is regular in D and does not vanish for z 6 Z). From 
(38.38) we obtain 

-^-ln \w(z, S)| = -^- In \z — Z\+g(z, Q, (38.39) 

where g(z, £) =-^- In |i|5 (z, £)| is harmonic in Z>, since it is the 
real part of the function -7^- In i|) (z, £)» which is regular in D. 

Further, if z 6 I\ then | w (z, £) | = 1 and (38.39) yields the bound- 
ary condition (38.35). Hence, (38.39) gives Green’s function of 
the Dirichlet problem for Laplace’s operator in D. The proof of the 
theorem is complete. 

Remark 2. If w = w (z) is a conformal mapping of D onto the circle 
| w | < 1, then w ( z, £) is given by the following formula (see 
Sec. 34): 

w l)= „ w -»ra_ 

1— w (z) w (0 

Green’s function G (z, £) possesses the following properties. 

(1) It is symmetric, i.e. 

G (z, £) = G (£, z). (38.41) 

(2) For each z £D it is harmonic in £ and r\ (£ = £ + £q) in D 
with the point £ = z deleted. 

(3) For each z 6 D it is continuous up to the boundary T of D 
and 


G (z, £) || €r = 0. 


(38.42) 
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Properties 2 and 3 follow from Property 1 and the definition of 
Green’s function. Let us prove the validity of Property 1 for a sim- 
ply connected domain. 

From (38.40) we obtain | w (C, z) | = | w (z, £) |; whence, from 
(38.37) follows (38.41). 

The proof of Property 1 for multiply connected domains is given 
in Vladimirov [1]. 

We can use Green’s function to find the solution of the Dirichlet 
problem for Poisson’s equation 

y 2 a=F(z), z£D, (38.43) 

with the boundary condition 

u | r = u 0 ( z ). (38.44) 

Under sufficiently broad assumptions, the solution to the problem 
(38.43), (38.44) is given by the formula 

u(z)=jjG(z, QFiQdidrt+f 9G £ ^ u 0 (Q |d£|, (38.45) 

p r . 

where £ = E -f- nr|, and the symbol d/dn stands for differentiation 
along an outward normal to the boundary T of D with respect to £. 
A proof of (38.45) is given in Vladimirov [1]. 

38.6 The Neumann problem Suppose D is a bounded domain 
with a smooth boundary T and u x (z) is a function that is given on T. 
The classical Neumann problem can be formulated thus: to find a 
function u (z) that is harmonic in D, 

V 2 ii = 0, z£D, (38.46) 

is continuously differentiable up to the boundary T, and satisfies the 
condition 

-£-|. er =“'< 2 >- (38.47) 

where d/dn stands for the derivative along an outward normal to T. 
The problem (38.46), (38.47) has a solution only if 

j u i (z) ds = 0, (38.48) 

r 

where ds = | dz | is the element of the length of curve T . 

Indeed, by Green’s formula (see Kudryavtsev [1]) 

J $Vudzdy= 

D T 

from which, in view of (38.46) and (38.47), follows (38.48). 
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If condition (38.48) is met, the classical Neumann problem has a 
solution, and this solution is unique to within a constant term. The 
proof of the existence of a solution is given in Vladimirov [11. Here 
we will prove its uniqueness. 

Suppose u (z) and u (z) are two solutions to (38.46), (38.47). Then 
u (z) = u {z) — u (z) is a solution to 

V 2 u = 0, z£-D; 4Her = 0 - ( 38 - 49 > 

Next we use Green’s formula (see Kudryavtsev [1]) 

i I [(if ) 2 + (if ) 2 ] dxdy=s ] u ^r ds ~\] u ^ udxd y- 

D T D 

The right-hand side vanishes because of (38.49). On the left-hand side 
the integrand is nonnegative and continuous in D. Hence, du/dx = 
du!dy = 0, whence u (z) = const for z £D. 

Along with the classical Neumann problem we will consider the 
problem (38.46), (38.47) where D is not bounded. But then we must 
assume that both u(z) and its first order partial derivatives are bound- 
ed in D. 

Example 6. Let us find the solution to 

v 2 « = 0, y> 0; ^ =o = — u t (x), (38.50) 

where z = x + iy, u x (x) is continuous for — oo < x < +oo, and 

u x (x) =0 (\x I- 1 ' 8 ) (38.51) 

as x -*■ oo, e > 0. In this case duldn \ v= $ = — duldy | y=0 . We will 
also assume that condition (38.48) is met, i.e. 

+ 30 

j u i (x)dx = 0. (38.52) 


The Neumann problem (38.50) can be reduced to the Dirichlet 
problem for the function duldy. Indeed, since u (z) is harmonic, we 
conclude that duldy is harmonic, too, for y > 0. We then have th& 
following Dirichlet problem: 



^ > 0 ; 


du 

dy y =o 


— “l ( x ). 


Formula (38.19) then yields 


du 


+ O0 

J_ f yjH (0 

n J (t— x) a +j/ 2 

— OO 


dt, 
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whence 

+ oo 

u(z)=— — j Ui (t) In [(£ — x) 2 + y 2 ] dt + C(x). (38.53) 

— oo 

In this formula the integral is a harmonic function for y > 0 since 
the integrand is harmonic and condition (38.51) ensures that the 
integral has a finite value and partial derivatives of all orders. For 
this reason C (x) is also a harmonic function, i.e. C" (x) = 0, whence 
C (. x ) = Cj 4- C 2 x. Condition (38.52) implies that the integral in 
(38.53) is bounded for y > 0, since we can represent it in the form 

+ 0O +oo 

j u l (t)ln[(t — x) 2 + y 2 ] dt— In (x 2 -\- y 2 ) j u l (t)dt 

— oo — oo 

-T 

— oo 

and for large values of x 2 + y 2 the integral on the right-hand side is 
less in absolute value than 

+ oo 

j |«*i(t)l ln(|*| + l ) 2 dt, 

— OO 

which has a finite value in view of (38.51). The function u (z) is bound- 
ed and, therefore, so is C ( x ), which means that C 2 = 0. Then (38.53) 
yields the solution to (38.50): 

4-oo 

u(z )= — j «1 (0 In £(« — x) 2 + y 2 ]dt + C, 

— oo 

with C a constant. We can also write the solution in the form 

4-oo 

u (z) = — ~ j u i (t) In \t — z\ dt-\-C, (38.54) 

— oo 

since ( t — x) 2 y 2 = t — z 2 . □ 

The solution to the Neumann problem (38.46), (38.47) in a simply 
connected domain D can be found via a conformal mapping of D 
onto a half-plane and formula (38.54). 

Suppose the function £ =h (z), £ = £ + ir), maps D conformally 
onto the half-plane Im £ > 0, with z = g (£) the inverse mapping. 

a/ 

Then the function u (£) = u (g (£)) is harmonic in the half-plane 
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Im £ > 0. Find 


du 

dn 


f where n is the outer normal to the boundary 


of the half-plane 
g (£) the direction 
of normal n, and the stretching 


Im£ = 0 is | g' (£) |. Hence, 


T1 = 0 

m £ > 0. Under the conformal mapping z = 
of normal n is transformed into the direction 
at points on the straight line 


du 

dn 



I z=ga) 


\g ' i* f ®i=M6) i g ' ®i. 


Bearing in mind that duldn |^=o = —duldx\ 1^=0 and employing 
(38.54), we find that 


+ °o 


j “»(*) 1^' (01 In \t-t\dt + C. 

— oo 


We return to the old variables and substitute £ = h (z) and t = 
(t). Since g r (t) = Hh f (r), we can write the solution to (38.46), 
(38.47) in the form 

u ( z > = “ir.f M*)ln|MT)-A(z)| J^-dx + C. (38.55) 
r 

Example 7. Let us find the solution to 

V 2 u = 0, r< 1; -|r Ui = ( ei<P )’ (38.56) 

2ji 

where z = re i( U (e 1 ®) is a continuous function, and j u^e 1 ®) dcp = 

, o 

0. In this case duldn \ rsal = duldr | rsal . 

The function z = g (£) = f-—- maps the half-plane Im £ > 0 

C, -j - l 

conformally onto the circle | z | <; 1 (Sec. 34). The reverse mapping 
has the form £ = h (z) — j-^t. Since fe'(z) =^ ^ z)2 , the solution 
to (38.56), in view of (38.55), is given by the formula 


“(*) = 




1+f 

1 — z 


i 


lxl=i 

In the integral (38.57) we put T = e ie . Then 


i |1 — T| 2 
(1— T) 2 


dx -j— C • 
(38.57) 


i |1 — x | 2 

(1-T) 2 

I 1 + T 

I 1 — X 


f (1 — e ie ) (l-e~ i9 ) 
(l-e ie ) 2 


ie*dQ = dQ, 


f l+i i 2 | g i9 -z| 

1-z 1 1 — e ie | |i— z| * 


23-01641 
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From (38.57) we obtain 


where 


2n 

u(z) = — j u i ( eid ) l n | e i0 — 2 1 dQ + -f J 2 + C, 
0 


2ji 

J i = -t ln r j Ui (gi6) d9 = 0> 

0 

2ji 

J 2 = -i- j (e i0 ) ln 1 1 — e ie | d0 = const 

0 

(is independent of z). The final solution to (38.56) is 


2n 

u (z) = — -- j u { (e i0 ) ln \e iQ — z\ dQ ~\-C, 
o 


(38.58) 


where C is an arbitrary constant. □ 

The solution to the Neumann problem (38.46), (38.47) in a simply 
connected domain D can also be found via a conformal mapping of 
D onto a circle and formula (38.58). 

The same problem can be reduced to the Dirichlet problem for the 
conjugate harmonic function v (z). Indeed, in view of the Cauchy- 
Riemann equations we have 

dv I du I _ , . 

ds |2€r~~ dn \zer- Ui[Z) ' 

whence 

z 

v (z) | 2 er = j Ui ( t) ds , (38.59) 

2 0 

where the integral is taken along an arc of T. By solving the Dirich- 
let problem for Laplace’s equation 

S7 2 v = 0 , z 6 D y 


with the boundary condition (38.59) we can find u (z) via simple 
integration (see Sec. 7). 


39 Vector Fields in a Plane 

39.1 The basic concepts Let us assign to each point z = x + iy 
in a domain D in the complex z plane a vector A = {A x , A y ) whose 
components are functions of x and y, i.e. A x = A x (x f y) and A y = 
A y (x, y). Then we say that a vector field A ( x , y) is given in D . 
It is assumed that both functions, A x and A y , are continuously differ- 
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entiable in D. A vector field in a plane can also be fixed by specify- 
ing a single complex valued function , which we will also denote by A : 

A = A x + iA y . (39.1) 

In many important physical problems, A is an analytic function of z, 
which makes it possible to employ the methods of the theory of func- 
tions of a complex variable. 

Here are the main concepts of vector analysis. (For more details 
the interested reader can refer to Kudryavtsev [1].) 

We start with the concept of a streamline. Consider the autonomous 
system of differential equation 

■%- = A x {*,vh — Ay (x, y)- (39.2) 

In many problems the parameter t can be interpreted as time. The 
phase trajectories of system (39.2), i.e. the curves x = cp (t) and 
y = \|9 ( t ), t ± <C t <C t 21 where (cp ( t ), ij) ( t )) is a solution to (39.2), 
are known as the streamlines of the vector field (39.1). A point (x 0 , y 0 ) 
at which A is zero, i.e. 

A x (*0> y o) = Ay {xq, y o) = 0, 

is said to be a stationary point of system (39.2) or a critical point 
of the vector field A. A stationary point (x 0 , y 0 ) corresponds to a 
phase trajectory (a streamline) that consists of only one point. The 
theory of ordinary differential equations makes it possible to esti- 
mate the structure of streamlines qualitatively. Precisely, three cases 
may occur: 

(1) A streamline consists of one point (a stationary point). 

(2) A streamline is a smooth closed curve. 

(3) A streamline is a smooth open curve. In this case both end points 
of the curve lie on the boundary of D or coincide with one of the sta- 
tionary points. 

An important physical problem related to plane vector fields is 
the steady-state plane-parallel flow of a fluid. Suppose the flow is 
parallel to the ( x , y) plane. Then the velocity of each particle of the 
fluid passing through point (z, y, z) is a vector of the form v = 
(v x ( x , y), v y (x, y), 0), and the corresponding vector field is a 

velocity field. Instead of a vector field in space we can now study a 
plane vector field, the velocity field . 

v = (v x , Vy). (39.3) 

The streamlines in this field are the curves along which the particles 
of the fluid move (or flow). 


23 * 
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We turn to the concept of flux and divergence. The flux of a vector 
field A through a closed contour y is the integral 

A=j(Arc)ds. (39.4) 

V 

Here and in what follows (A»n) is the scalar product of vector A 
into the unit vector n normal to y , and ds is the element of the length 
of curve 7. If 7 is a simple closed curve oriented counterclockwise 
(clockwise), the normal to 7 points outward (inward). An alternative 
formula for the flux can be written thus: 

N = ^ — A y dx + A x dy. (39.5) 

v 

The divergence of a vector field A is the quantity 

Aiv A== ^ir+~wf- ( 39 - 6 > 

Green’s formula gives the relationship between divergence and flux: 
^ (A -n) ds = j j div A dx dy. (39.7) 

V D 

Here 7 is a simple closed curve, the boundary of D. 

The formula (39.6) for divergence is not invariant, since it depends 
on the choice of the coordinate system, while (39.7) enables us to 
give an invariant definition of divergence. Suppose curve 7 is de- 
formed continuously to a point (x 0 , z/ 0 ), and S is the area of the surface 
hounded by 7. Then the divergence at this point is defined thus: 

div A = lim flux through -^. (39.8) 

s-o area 


Thus, divergence is the density of the flux of the vector field. 

Finally, let us define circulation and curl. The circulation of a 
vector field A around a closed contour 7 is the integral 

r=jC4-t)<fo. (39.9) 

v 

where t is a unit vector tangential to y. An alternative formula for 
the circulation can be written thus: 

T= \ A x dx+ Aydy. (39.10) 

V 

The curl or vorticity of a vector field A is the quantity 


dA v 

curl A — -r 

dx 


dA x 
dy ' 


(39.11) 



Vector Fields in a Plane 357 


Remark 1. In vector analysis the curl of a spatial vector field (at 
a given point) is a three-dimensional vector, while we defined the 
curl as a number. The relation between the two concepts is as fol- 
lows. Let us use the vector field (39.1) to build a spatial plane-paral- 
lel vector field A = (A x , A y , 0). Then 

curl A = (0, 0, curl A). (39.12) 

Green’s formula provides the relationship between circulation 
and curl: 

j (A • t) ds = j j curl A dx dy. (39. 13) 

v d 

Here y is a simple closed curve that is the boundary of D. This for- 
mula can be used to define the curl in an invariant manner: 


t . i . circulation around y 

curl A = lim L 

s^o area 


(39.14) 


Here, just as in (39.8), y is deformed continuously to a point (x 0 , y 0 ), 
and S is the area of the surface bounded by y. Hence, curl is the den- 
sity of the circulation of the vector field. 

Remark 2. Let us assign to the plane vector field A a spatial plane- 

parallel vector field A (see Remark 1). Vector analysis provides the 
following interpretation of the curl. Suppose U is an infinitely small 
neighborhood of point (x 0 , y 0 ). Then the instantaneous angular ve- 
locity o) with which U rotates is <o = (1/2) curl A, where curl A 
is given by formula (39.12). 

39.2 Solenoidal and irrotational fields A vector field A is said 
to be solenoidal (source-free, zero-divergence) in a domain D if its 
divergence is zero: 

div A = 0. (39.15) 

A solenoidal field preserves area. Precisely, suppose we take a do- 
main D 0 in a plane and watch how each point in D 0 moves along the 
streamlines over the same time interval t. Then D 0 will become D t . 
Condition (39.15) means that the areas of D 0 and D t are the same. 
If the vector field considered is the velocity field of a fluid, condi- 
tion (39.15) implies that the fluid is incompressible, provided its 
density is the same at each point. 

Let D be a simply connected domain. Then (39.6), (39.8), and 
(39.15) imply that the integral 

z 

y)= ) — A y dx-\- A x dy 
?0 


(39.16) 
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does not depend on the path of integration. This integral, therefore, 
defines in D a single-valued function known as the stream junction 
of vector field A. The components of A can be expressed in terms of 
the stream function thus: 


A x 


dv 

~dy~ ’ 



(39.17) 


A vector field determines the stream function uniquely, to within 
a constant term. 

If a vector field is solenoidal, the streamlines are simply the curves 
along which the stream function is constant. Indeed, from (39.2) 
and (39.17) we find that along a streamline 


dv 

dt 


dv dx , dv dy 
dx dt ^ dy dt 


A y A x “h A x A y — 0, 


so that v (x, y) = const along a streamline. 

If D is not simply connected, the stream function defined by (39.16) 
is generally not single-valued. Nevertheless, the formulas (39.17) 
remain valid (they are valid for all “branches” of the stream func- 
tion), and locally (i.e. within any simply connected domain lying 
inside D) a stream function is always defined. If a vector field pos- 
sesses a streamline function, i.e. there is a function v ( x , y) such that 
(39.17) is valid everywhere in D, the field is solenoidal. 

A vector field A is called irrotational ( potential , nonvortical) in a 
domain D if its curl is zero; 

curl A = 0 (39.18) 


everywhere in D. Suppose D is simply connected. Then the integral 


u ( x , y) = j A x dx-\- A y dy (39.19) 

Zo 


does not depend on the path of integration and therefore defines in D 
a single-valued function. This function is known as the potential 
of vector field A. The components of A can be expressed in terms of 
the potential thus: 


A x 






(39.20) 


Conversely, if there is a potential, i.e. a function u such that the 
components of the field are expressed through u via (39.20), the vec- 
tor field is irrotational. 

The curves along which the potential is constant, i.e. u ( x , y) = 
const, are known as equipotential curves . These curves are ortho- 
gonal to the streamlines. Indeed, the vector grad u = (. A x , A y ) is 
orthogonal to an equipotential curve and is tangential to a streamline. 
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If the field is irrotational but D is multiply connected, locally 
(i.e. in each simply connected domain lying inZ>) a potential is always 
defined uniquely, to within a constant term. On the other hand, in 
the entire domain D the potential in this case may be a multiple- 
valued function, but (39.20) are valid for each of its branches every- 
where in D. 

As known from vector analysis, every vector field can be repre- 
sented as the sum of a solenoidal field and an irrotational field (e.g. 
see Kudryavtsev [1] and Nikol’skii [1]). 

39.3 Harmonic vector fields A vector field is said to be har- 
monic in a domain D if it is both solenoidal and irrotational in D, 
i.e. 

div A =0, curl A =0 (39.21) 


everywhere in D. A harmonic vector field possesses both a stream 
function and a potential. From (39.17) and (39.20) it follows that in 
this case these functions are related thus: 


du dv du du 

dx dy 5 dy dx 5 


(39.22) 


which are simply the Cauchy-Riemann equations for the function 

/ (z) =u (x, y) + iv (x, y). (39.23) 


We can therefore formulate 

Theorem 1 The stream function and the potential of a harmonic 
vector field constitute a pair of conjugate harmonic functions. 

The function / (z) is known as the complex potential of the vector 
field A. It is analytic in/), and if D is simply connected, the complex 
potential is regular in D. 

We can express all the characteristics of a field in terms of the 
complex potential. First we have 

A = ^ + = iF = f W- < 39 - 24 > 

This implies, for one, that the derivative of the complex potential, 
/' (z), is single-valued and hence regular in D. 

Since /' (z) dz = ( A x — iA y ) {dx + i dy), we can write (39.5) and 
(39.10) as follows: 

N = I in ( /' ( 2 ) dz, r = Re j /' (z) dz. (39.25) 

V V 

Combining these formulas, we obtain 

r + iN= \ /' (z) dz. (39.26) 

v 

Here are some simple examples of harmonic vector fields. 
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Example 1 . A constant vector field. Such a field is specified by 
a single complex number A = A x + iA y , where A x and A y are both 
constant and real. The complex potential is / (z) = Az + c, where c 
is a constant. The streamlines are straight lines with the direction 
vector being A , while the equipotential curves are straight lines 
orthogonal to the streamlines. The flux through any closed curve and 
the circulation around any closed curve are zero. □ 

Example 2. Suppose the complex potential is / (z) = z 2 . Then 
u (x, y) = x 2 — y 2 and v (x, y) = xy. Hence, the streamlines are 

the hyperbolas xy = const, while 
the equipotential curves are the 
hyperbolas x 2 — y 2 = const (Fig. 
151). Point z — 0 is a critical 
point for this vector field. Indeed, 
from (39.24) it follows that the 
critical points of a harmonic vector 
field are those and only those at 
which 

f'(z) = 0. (39.27) 

In our example the point 2 = 0 is 
a streamline. Among the stream- 
lines there are four rays: xy = 0, 
2 0, which form right angles at 

point 2=0 (see Fig. 151). Among the equipotential curves there are 
also four rays: x 2 — y 2 = 0, 2 =^= 0. □ 

Remark 3. An arbitrary smooth vector field may have an ex- 
tremely complex structure near a critical point. But if a vector field 
is harmonic, its local structure near a critical point is quite simple. 
Suppose Zq is a critical point for a vector field with potential / ( 2 ). 
Then 

r (z 0 ) = 0, . . r-v (z 0 ) = 0, /<"> (z 0 ) ^ 0 

for an w > 2. Then by introducing the function 2 = g (£), z 0 = g (0), 
with g (£) regular and univalent at point £ = 0, we can write the 
complex potential near point[ 2 0 in the form 

/ (g (0) =/(z„) + (39.28) 

(Corollary 2 in Sec. 32). For this reason, the streamlines and the 
equipotential curves of a harmonic vector field have the same arrange- 
ment near a critical point as that of a field with the complex po- 
tential (39.28). Among the various streamlines there are 2 n rays 
that emerge from or end at point £ = 0, and the angle between two 
adjacent rays of this kind is n/n. 



Fig. 151 
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Example 3. Sources and sinks. Suppose we have a field with a com- 
plex potential / ( z ) == (Q! 2jt) In z, where sa nonzero real constant. 
Then 

“(*> y '> == ~ir ln l z l» v ( x ’ y) = -§r av g z ’ 

and the streamlines are the rays arg z = const, while the equipoten- 
tial curves are the circles \ z \ —. const (Fig. 152). At z =/= 0 this> 
vector field is harmonic. 

Suppose y is a simple closed curve containing the origin of coor- 
dinates in its interior and oriented counterclockwise. Since /' (z) = 



Fig. 152 


Fig. 153 



(?/(2jiz), from (39.26) we find that N = Q and T = 0. For this 
reason point z = 0 is said to be a source oj strength Q if Q > 0 or a< 
sink of strength | Q | if Q < 0. □ 

Example 4. Vortices. Suppose we have a vector field whose com- 
plex potential is / (z) = (TJ2ni) ln z, with T 0 a nonzero real num- 
ber. Then 


p 

u( x , y) = - 2F argz ’ v ^ x ' y ) = 


2n 


•In Izl 


and the streamlines are the circles | z | = const, while the equipo- 
tential curves are the rays arg z = const (Fig. 153). If y is a closed 

curve circuiting point z = 0 in the positive sense, then j/' (z) dz — 

v 

r 0 , with N = 0 and T = T 0 . Point z = 0 is then called a vortex • 
of strength T 0 . □ 

Various combinations of the harmonic vector fields we have just 
discussed lead to new examples of harmonic vector fields. 
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Example 5. The combination of a source (sink) and a vortex has 
a complex potential of the form 


/(z) = 


Q — *rp 

2ji 


In z, 


where Q and T 0 are nonzero real constants. If y is the same curve as 
in Example 4, we have the following values for flux and circulation: 



Fig. 154 



Fig. 155 


N = Q and T = T 0 . The streamlines and the equipotential curves 
are logarithmic spirals winding up into the origin of coordinates. □ 
Example 6. Dipoles. In this case the complex potential is / ( z ) = 
m!2nz, with m a nonzero real constant. The streamlines and the 
equipotential curves are circles passing through the origin of coor- 
dinates (Fig. 154). The constant m is called the dipole moment , and 
the real axis (Ox) the dipole axis.\Zi 

A dipole can be obtained by combining a source and a sink (Fig. 155) 
•of equal intensities situated at the points z = ± h and sending h 
to zero, with Q oo and Q X 2h-*-m. Indeed, 

.. Q 2h In (z-f-ft)--ln (z — h) _ m d In z _ m 
im 2n 2h 2n dz 2nz 

Example 7. Multipoles. Suppose we have a complex potential 
with a pole at point z = 0, i.e. / (z) = Cz~ n , n ^ 2, with C a non- 
zero complex constant. Then we say there is a multipole at point 
z = 0. A multipole can also be obtained by combining sources and 
vortices near to the origin of coordinates and conducting an appro- 
priate passage to the limit, n 
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40 Some Physical Problems from Vector Field Theory 

40.1 Streamline flow around solids We take the steady-state 
plane-parallel flow of an ideal incompressible fluid (e.g. see Lavren- 
t’ev and Shabat [1]). It is proved in courses of fluid mechanics that 
the resulting velocity field V = v x + iv y is harmonic and is charac- 
terized by a complex potential / (z) = u ( x , y) -f- iu (, x , y) such that 

v=r7iT. (4o.i) 

Suppose we have specified on a plane a simply connected domain D 
with a smooth boundary S. Let D be the exterior of S filled with the 

fluid. Suppose the “solid” D moves with a constant velocity — Voo 
or, which is the same, the fluid flows past the solid with a velocity 

Voo, while the solid is at rest. (We speak of D as a solid because S 
does not vary.) Then the complex potential / (z) is a function that is 
regular inZ), with/' (oo) = Voc. We expand/' ( z ) about point z = oo 
in a Laurent series: 

f'(z) = V oo + ^+-y 2 2 -+... . (40.2) 

From (39.26) we find that 2 juc_ 1 = T -f iN, where T and N are the 
•circulation and the flux of the vector field, respectively around and 

through any closed curve surrounding the solid D. By definition, 
D contains no sources, which means that N = 0. Then (40.2) yields 

f(z) = VooZ + c+-^-lnz — 7 ^-+... (40.3) 

in a neighborhood of point z = oo. The velocity and the circu- 
lation T must be specified — this is the boundary condition at in- 
finity imposed on the complex potential / ( z ). The boundary condi- 
tion at the “surface” S of the solid is as follows: at any point of S 
the velocity of the flow must be tangential to S. Hence, S is one of the 
streamlines, so that the boundary condition on S is 

v (x, y) | s = const. (40.4) 

Thus, we must find a function / ( z ) that is regular in Z>, has a Lau- 
rent expansion (40.3) about point z = oo, with Voo and T fixed (com- 
plex and real) constants, and satisfies the boundary condition (40.4) 
on S. 

Theorem 1 The solution of the problem of streamline flow is unique. 
Proof. Suppose we have two fields with complex potentials / x (z) 
and / 2 (z) both of which are solutions. Then the difference f x (z) — 

/ 2 (z) = / ( z ) is regular and bounded in D. The function v (z) = 

Im / (z) is harmonic and bounded in D , assumes a constant value 
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on S, and, by the uniqueness theorem for the solution of the Diri- 
chlet problem, is a constant. Hence / (z) = const, and the potentials 
f x ( z ) and / 2 (z) differ by a constant, which implies that the two fields* 
coincide. The proof of the theorem is complete. 

The flow of fluid around a body is said to be irrotational if T is 
zero and rotational if T is not zero. 

Theorem 2 The potential w = f (z) of an irrotational flow around 
a solid maps D conformally onto the exterior of a segment that is paral- 
lel to the real axis. 

Proof. Without loss of generality we can assume that v | s =0. 
Let us show that there is a function w = g (z) that maps D confor- 
mally onto the exterior of a segment of the real axis and can be ex- 
panded about point z = oo in the series g (z) = \ x z + So + • • • • 
Then g (z) satisfies the boundary condition (40.4) and is therefore the 
potential; by Theorem 1, / (z) = g (z) -(-const. 

Suppose w = h (z) is the function that maps D conformally onto* 
the exterior of the segment [0, 1]. Then it has a simple pole at point 
z = 0 and can be expanded about this point in the series 

h (z) = h_ x z + /i 0 + -j- + • • • • 

The function w = (h (z -1 )) -1 maps D conformally onto a domain D lr 
since it is a composite of two univalent functions. For small values 
of | z | we have w = zi{h_ x h 0 z -f . . .), so that w (0) =0 and 
w' (0) =/rJ. By Riemann’s theorem (see Sec. 33), for every real <x 
there is a function h a (z) that maps D conformally onto D 1 and such 

that arg h' a (0) = a. We put a = arg Vex,; then g (z) = " j ^ ™o j~ | x 
1 

r — 7 — 7T— , which is the sough t-f or function. 

M Z “ A ) 

Obviously, the function w = f (z) = u + iv that maps D con- 
formally onto the exterior of a segment parallel to the u axis satis- 
fies conditions (40.3) (at T = 0) and (40.4) and, therefore, is the- 
complex potential of a flow. For this reason, the solution of the prob- 
lem of irrotational flow is reduced to finding a function that maps D 
conformally onto the exterior of a segment of the form u x ^ u ^ 
u 2 , v = v 0 . 

40.2 Chaplygin’s and Zhukovskii’s formulas Suppose an air- 
plane wing (an airfoil) is moving in air, whose density is p, with a 
constant subsonic velocity — Voo or, which is the same, the air is 
traveling pa^t the wing with a velocity Voo. We can think of the wing 
as an infinite cylinder with generatrices orthogonal to the velocity 
vector. We have thus formulated a plane problem of vector field 
theory. Let us calculate the total force on the contour S of the wing’s 
cross section, or the aerodynamic lift. Suppose p (z) is the air pressure 
at point z. On S the pressure is directed inward along a normal, which 
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means the force on the element dz of the length of contour S is ip dz. 
The total force on S is P = ^ ip dz. For a steady-state irrotational 

s 

flow we can use Bernoulli’s formula 

p = A — -|-y 2 , 

where A is a constant, v = | V |, and V is the flow velocity. This 
yields 

P = — Y“ j v 2 d z - 
s 

On S the velocity is directed along a tangent (see (40.4)) t so that 
V = f (z) = ve i( $, where (p = arg dz. Hence, 

P = — -f- ( (/W e-^dz = - 4- j (/W dz, 

S 8 

since e~ 2i( f> dz = dz. For vector P, which is the complex conjugate of 
P, we obtain 

P = -f- j (f'(z)) 2 dz. (40.5) 

S 

This is the classical formula obtained by the Russian mathemati- 
cian S. A. Chaplygin. 

From this formula and the expansion (40.2) of /' (z) about point 
z = o o we can find, employing the theory of residues, the following 
formula 

P = 2ni = ipPVoo. 

Hence, 

P = -iprVoo. (40.6) 

This constitutes the essence of the famous theorem of Zhukovskii: 
The aerodynamic lift is equal in magnitude to the product of the den- 
sity , the flow velocity at infinity , and the circulation. It is directed at 
a right angle with respect to Voo opposite the circulation. 

40.3 Streamline flow around a circular cylinder Let us start 
with an irrotational flow around a circle | z | = R. The potential 
of such a flow maps the exterior of the circle conformally onto the 
exterior of a segment of the real axis. Due to the symmetry of the 
problem, we can assume that the flow is directed along the x axis, 
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i.e. Voo is a real number. The sought-for mapping is performed by 
the Zhukovskii function 



where a is a real constant. From the condition that /' (oo) = Voo 
we find that w = Voo z + R 2 \oJz. For an arbitrary flow (Voo is com- 
plex valued) we obtain a similar result: w = Voo 2 _+ R 2 VoJz. Note 
that this flow is the sum of a homogeneous flow VooZ and the flow 
Voo R 2 /z of a dipole at point 2 = 0 . 

p 

Since Re In 2 = const for I 2 I = iZ, the flow 75 —. In z also sur- 

2jx i 

rounds the solid. The solution to this problem is 

/( 2 ) = V. 2 + -^*l+^ r l„ J . (40.7) 

Let us find the critical points of this flow, at which /' ( 2 ) = 0, i.e. 
where the velocity of the flow is zero. The equation 

V O oZ 2 +-^-z-Vcc/? 2 = 0 (40.8) 

yields 

For | T | ^ 4 ji I Voo | R the radicand is positive, so that |j 2 lf 2 | = 
= R and both critical points lie on this circle. In what follows we 
assume, for the sake of simplicity, that Voo is real. Then" (40.9) yields 

p 

z lt 2 = R ( i sin a ± cos a), sin a = R ? 

and the critical points are z x = Re ia and z 2 = Re i(?T ~ a) . 

If T = 0, then z lt2 = dtzR- As circulation increases, the points 
move closer to each other and coincide at a critical value of circula- 
tion r 0 = 4jxVooi?. 

The boundary of the circle consists of streamlines (see (40.4)). 
For this reason the streamline that arrives at the critical point z 2 
branches into two streamlines, the upper and lower arcs of the circle 
(Fig. 156a). Point z 2 is known as a branching point. At the second 
critical point, 2 X , the two streamlines (the arcs of the circle) converge; 
this point is known as a convergence point. Note that the stream- 
line that arrives at point z 2 and the streamline that leaves point z 1 
are orthogonal to the circle. Indeed, at point z x we have 

f <*i> = 0, + 
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and the local structure of the streamline is the same as for the po- 
tential -j/" (z x ) ( z — z x ) 2 (see Sec. 39). The orthogonality of these* 

streamlines follows from Example 2 in Sec. 39. 

At the critical value of circulation ±T we have 

*i,2 = iR, 1" (M) = 0, f (iR) ¥= 0, 

which means that the angle between two adjacent streamlines enter- 
ing point z = iR is jr/3 (see Sec. 39). The streamlines for this case 
are depicted in Fig. 1566. 





Fig. 156 


If | T | > r o , the radicand in (40.9) is negative and 

1 * 1 . 2 l = - 4 ^ (r ± Vr*- 16n 2 Vio/? 2 ) = 7 - R. 

From (40.8) it follows that | z ± z 2 | = R 2 , so that one critical point 
lies inside the circle | z | = R and the other outside the circle. This 
results in closed streamlines (Fig. 156c). 

Circulation T can be expressed in terms of the coordinates of a 
convergence point thus: T = AnVooR sin a. But if arg Voo = 0, then 

T = inUooR sin (a — 0). (40.10) 
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40.4 Streamline flow around an ellipse and a plate Let S be 
the ellipse 

r 2 * y 2 

+ = l (0<6<a). 

Its foci lie at points ±c, with c = b 2 — a 2 . The solution of the 
problem of streamline flow around an ellipse can be reduced to the 
problem of streamline flow around a circle. The function that is the 
inverse of the Zhukovskii function, or w (z) = z + V z 2 — c 2 , maps 
the exterior of an ellipse on the exterior of a circle, | z | > R (see 
.Sec. 35.7). We select the branch of the root in the inverse of the Zhu- 
kovskii function, which is regular in the complex z plane with a cut 
along the segment [ — c, c), on which z 2 — c 2 is positive for real 
z 6 (c, +°°). The radius R of the circle and the semiaxes of the el- 
lipse are related through the following formulas (see Sec. 35.6): 

a = y | R 4 - ^ ) and 6 =— (/? — , from which it follows that 

.R = a -|- 6. In view of (40.7 ) we have 


f (*)=4|>«; + 


Voo {a-\-b ) 2 


] 


In w 


2n i 

= -f [ V. (. + tl'l ] + 4s- *- <* + 


:+Y 


The factor 1/2 appears because z 2 — c 2 ~ z (z oo) and there- 
fore w' (oo) = 2. Multiplying the numerator and denominator in 
the second term in the square brackets on the right-hand side of the 
above expression by z — Y z 2 — c 2 , we finally obtain 

f (z) = 4- Vc (z + + 4* Voc (z-V^F) 

+ -^ r ln(z + V^?). (40.11) 


At a = c and 6=0 the ellipse becomes the segment I = [—c, c], 
and from (40.11) we find the complex potential of streamline flow 
around a plate of length 2c: 

/ (Z) = 4- C Voo + Voo) z + 4- ( Voc ~ Voo) KiW* 

+ -^r ln iz+V^-c-). 

Putting \ <x = u 00 + iv 00t with u x and v x real, we obtain 

/(z) = u M z — «>oo Vz 2 — c 2 + -^t- In (z + y z 2-c 2 ). (40.12) 
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The velocity of Ihe flow can be calculated via (40.12): 

V = /-(,)-„+ , (40.13) 

\ 

and for an arbitrary value of circulation T the velocity becomes in- 
finite at the edges of the plate, i.e. at the corner points of the 
boundary of the solid. 

Here for the first time we have encountered the case where the 
boundary of the solid in streamline flow is not smooth. For such solids 
the problem of streamline flow requires additional physical assump- 
tions. Chaplygin was the first to find such a condition. Suppose the 
solid has a sharp edge A . Then the flow velocity must be finite at the 
sharp edge of the profile. An alternative formulation of Chaplygin’s 
condition reads as follows: the sharp edge of the profile is a converging 
point . If the profile has only one sharp edge, Chaplygin’s condition 
uniquely determines the circulation. 

Since a plate has two sharp edges z = ±c, Chaplygin’s condition 
can be met only at one of the edges. Suppose the condition is met at 
edge z = c. Then (40.13) and Chaplygin’s condition gives the one 
possible value of the circulation: 

T 0 = — 2ncvoi, (40.14) 

while (40.13) yields the following distribution of velocities: 

V = Moo — i Vao j/ (40.15) 

On edge z = — c the flow velocity becomes infinite, 

40.5 Streamline flow around the Zhukovskii profile Let y be 
the arc of a circle passing through the points z = ±a, with the mid- 
dle of the arc passing through point z = ih , and let y' be the circle 
centered at point w = ih and passing through the points w = ± a 
(Fig. 127). Example 40 in Sec. 35 shows that the function w = z + 
V z 2 — a 2 maps the exterior of y conformally onto the exterior of 
y'. Note that the tangent to y at point z = — a forms an angle a = 
2 arc tan (hi a) with the real axis, while the tangent at z = a forms 
an angle |3 = (jt — a)/2. 

Suppose y'd is a circle centered at point w d = ih — de~ ia l 2 , lying 
inside y', and touching y' at point w = — a . The radius of Jy d is 
R d = ]/a 2 -{- h 2 + d. The function w ( z ) maps the exterior of y d 
conformally onto the exterior of y d (Fig. 127), which resembles the 
cross section of an airplane wing and is known as the Zhukovskii 
profil e . 


24-01641 
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Let us solve the problem of streamline flow around the Zhukov- 
skii profile by reducing it to the problem of streamline flow around a 
circle. The function 

w= (z + z 2 — a 2 — w d ) (40.16) 

maps the exterior of y d conformally onto the exterior of the circle 
| z | > R d , and from (40.7) we can find the complex potential: 

1 <*> = ’ T [ V ~ w + +^T ln w ’ 

where w = w (z) is given by (40.16). The circulation T can be found 
from Chaplygin’s condition: the sharp edge of the profile must be 
a convergence point. The image of point z = — a is i? 0 e“ ia / 2 , with 
R 0 >■ 0 (Fig. 127), and (40.10) yields the following value of the cir- 
culation: 

r= — 2nVoo (j/V + Z^ + d) sin • 

By Zhukovskii’s theorem, the aerodynamic lift on an airplane wing is 
| P | = 2npv%, ('|/‘a 2 + /i 2 + d) (sin (0 + -f-) ) . 
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41 Some Asymptotic Estimates 

In this section we will consider simple asymptotic estimates of roots 
of transcendental equations, integrals, and series. Asymptotic esti- 
mates are relationships of the type 

/ (*) = O (g (x)), / (x) =0 (g (x)), / (x)~ g (x) 

as x -*■ a. The meaning of the symbols (9, o, and ~ was explained in 
Sec. 4. 

41.1 The asymptotic behavior of roots of equations We start 
with simple examples. 

Example 1. Suppose a function / ( z ) is regular and has a simple zero 
at point z 0 =^= oo , i.e. / (z 0 ) = 0, /' ( z 0 ) =^= 0. We consider the equa- 
tion 

/ « = e, (41.1) 

where e Is a small complex number. For small values of | e | (this 
is what we mean by e being small), Eq. (41.1) has a root z (e) that 
is close to point z 0 . We wish to establish the asymptotic behavior 
of z (e) as e -*• 0. 

This problem can be solved via the inverse function theorem (see 
Sec. 13). By this theorem, in a small neighborhood of point 8=0 
there is a function z (e) that is the inverse of / (z) (i.e. / (z (e)) =»= e 
for small values of | e |). The function z (e) is regular at point e = 0 
and can be expanded in a Taylor series 

z(e) = z 0 + E c n e n , (41.2) 

77=1 

which converges in a circle | e | < p for a small positive p. The ex- 
pansion coefficients of (41.2) can be calculated by the Biirmann- 
Lagrange formulas (31.39). In particular, c ± = 1//' (z 0 ). 

Expansion (41.2) yields the following asymptotic formulas: 

N 

z(e) = z 0 + 2 c k e k + 0 (e** 1 ) (e 0). (41.3) 

Here for N = 1 we have 


z (e) = z 0 -f- O ( e), 
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while for N =2 we have 

z(e) = Zo + T ±- r + 0(B*). G ‘ (41.4) 

Remark 1. If we are interested only in the first few terms in expan- 
sion (41.2), we can employ the method of undetermined coefficients. 
Precisely, we write z (e) in the form of the expansion (41.2) and sub- 
stitute it into Eq. (41.1). The function / ( z ) can be expanded for 
small values of | z — z 0 | in a Taylor series: 

/(z)= 2 a n (z — z 0 ) n , 

1 

and we write Eq. (41.1) in the form 

2 a n( 2 C h Z h ) n — 6 = 0 . 

71=1 ft=l 

Expanding the left-hand side of this equation in a power series in e 
and nullifying the coefficients of the various power of e, we arrive at 
a system of recurrence formulas for determining c x , c 2 , .... 

Example 2 . Let us take Eq. (41.1) with a function / (z) that is 
egular and has a zero of an order not less than 2 at point z 0 , i.e. 

/ (*o) = /' (*o) = • • ■ = f 71 - 1 (*o) = 0, fm (z 0 ) ^ 0. 

The second inverse function theorem (see Sec. 32) implies that for 
small nonzero e’s Eq. (41.1) has exactly n different solutions z 0 (e), 
z x (e), . . ., z n (e) (which are elements of a single ^-valued analytic 
function). In this example, instead of using the inverse function 
theorem directly it is more convenient to transform Eq. (41.1) into 
an equation for which the conditions of Example 1 are applicable. 
Let us assume that e varies not in the entire neighborhood of point 
e = 0 but only in a sector S with the vertex at point e = 0. For the 
sake of definiteness we will take the sector S : | e | > 0, | arg e [ ^ 
tc — 6 (0 <C 6 < n). 

By hypothesis, in the neighborhood of point z 0 we have 

/ (z) =(z- z 0 ) n g (*), (41.5) 

where g (z) is regular and nonzero at point z 0 . 

The equation w n = e (e =^= 0) has exactly n different solutions 

Wj == e 2nij l n U \f e, 0^/0 — 1, (41.6) 

where Y e is a fixed value of the root. Suppose e 6 S; by Y& we de- 
note the regular branch of the root on which Y & is positive for e > 0. 

The function Y g ( z ) splits in a small neighborhood U of point z 0 
into n regular branches; by Y g ( z ) we denote one of the branches. 
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To isolate a branch it is sufficient to specify the value of the root 
V g ( z o)- Since / (z) = ((z — z 0 ) V g (z)) n . we conclude, by (41.6), 
that Eq. (41.1) splits in U into n independent equations: 

(z — z 0 ) Y g(z) = e 27 li i ! n n \/~ E , ,0^/^tz — 1. (41.7) 

If / (z) is the left-hand side of Eq. (41,7), then /' (z 0 ) g (z 0 ) =7^ 0, 
and for each equation in (41.7) the conditions of Example 1 are met. 
Hence, for a small e 6 S Eq. (41.1) has exactly n solutions 

z } (e) = z 0 + c h (e 2ni ^ n y r e) ft , 0</<re— 1. (41.8) 

' ft=i 

The series in (41.8) converge for small e’s. The reader will recall 
that the symbol e on the right-hand side denotes a regular branch 
of the root in S that is positive for e > 0. The coefficients c k can be 
calculated via the Burmann-Lagrange formula (31.39). For instance 
(see Sec. 32.1), 

?/ n\ _ 

Ci ~ V /(»> (*,) ■ n 

Example 3 . Let us consider the equation 

z 3 _ 2 2 = e ( 41 .9) 

and examine the asymptotic behavior of its roots as e 0. At e =0 
Eq. (41.9) has a simple root z 1 = 1 and a second order root z 2 = 0. 
For small e’s Eq. (41.9) has a root z x (e) ->■ z x =1 as e -> 0 and 
two roots z 2?3 (e) -> z 2 = 0 as e ->■ 0. 

Let us establish the asymptotic behavior of the root z x (e). We put 

oo 

z = 1 -j- e. Then £ -f- 2£ 2 -f £ 3 = e. Example 1 yields £ = ^ ]c k t h , 

h=l 

so that 

(*i« + c 2 e 2 +...)+ 2 (cfe 2 +•••)+ O (e 3 ) — e = 0. 
Nullifying the coefficients of e and e 2 , we obtain 
c 1 — 1 = 0, c 2 + 2 c\ = 0, 

whence 

z x (e) =1 + e — 2e 2 -f- O (e 3 ) (e -> 0). 

Now let us establish the asymptotic behavior of z 2t3 (e). Suppose 
e > 0, for the sake of simplicity, and ]/" e > 0. Equation (41.9) 
splits in the neighborhood of point z = 0 into two equations: 


z/l — 2 = il/ e, z ]/l — z — — i]/e, 
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where 1 — z | 2==0 = 1 . The first equation has the form 

z— ■|“ + 0 ( 2 3 ) = iV r e. 

oo 

We put z= 2 Ch(V E ) h - Then 

k=i 

CiVe+Cz* — -j-e + O (e 3 ' 2 ) — i]/~ e, 
which yields c t = i and c 2 = — i/2. Hence, 

z 2 (B) = iV~e-±-+0(BV 2) (e— +0), 

z 3 ( 8 ) = — iV e ~ \ + O (e 3/2 ) (e-*-+0). 

These formulas are applicable when e — >0, e £ 5, where S is any 
sector with its vertex at point z =0.0 
Example 4. Consider the equation 

z — sin z = e. 

At e = 0 this equation has one root of order 3, so that for small e’s 
the equation has three roots lying close to z = 0. Let us establish 
the asymptotic behavior of these roots as e -*-0, e > 0. For small 
value of | e | we have 

z 3 

z — sin z = — + O (z 5 ) = e, 

whence (41.8) yields 

z / (e) = e 2 "«'/3 s /6e + 0( E 2/3 ) ( e -►<)), 7 = 0, 1, 2. 

Here e > 0 for e > 0. □ 

Example 5. Let us consider Eq. (41.1) with / (z) regular and having 
a zero at point z = oo. Then for small values of | e | Eq. (41.1) has 
one or several solutions that tend to infinity as e -*■ 0. We have 

oo 

f (z) = z- n 2 Gfe z “\ a 0 ^0, 

fc =0 

where the series is convergent in the domain | z | > R for large R's, 
and n is a positive integer. The substitution t, = 1/z transforms 
Eq. (41.1) into 

l n g ( 0 = 8 . 


^(0=S«kC k . g (0) ¥= 0. 

k=0 


where 


(41.10) 
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We have thus arrived at the equations discussed in Examples 1 
and 2. □ 

Example 6 . Consider the equation 

p (z) = X, (41.11) 

where p (z) is a polynomial of a degree not less than two: 

p(z) = a Q z n + a l z n ~ i + ... +a n , a 0 ^= 0 . 

Let us examine the behavior of the roots of this equation as X -*• 
oo, X 6 S, with S the sector | arg X | ^ jx — 6 (0 < 8 < n). 

We put e i/X and £ — Hz. Then we can write Eq. (41.11) in the 

form 

=e . 

fl o + a l£ + • • • -\~ a nU l 


Example 2 implies that Eq. (41.11) has n roots 

z }(ty = e2ni},n V£[n^ + °(-yi)] (*-*»<», * 6 S). 

Here 0 ^ ^ n — 1, the value of Y is fixed, and Y ^ is the regu- 

lar branch of the root that is positive for X > 0 . □ 

If / ( 2 ) is a rational function, then, as 8 0, each root of Eq. (41.1) 

tends to one of the roots of the limiting equation / (z) = 0. But if 
/ ( 2 ) is not a rational function, then the roots of Eq. (41.1) behave 
in a much more complex way as e ->■ 0 . 

Example 7. The equation e z = e has no solutions at e =0. But 
if e = 7 ^ 0 , all the solutions of this equation are given by the formula 

z h (e) = 2kni + In e 

(In e is a fixed value of the logarithm), and all roots z h (e) tend to 
infinity as e -*■ 0 . □ 

Let us consider examples of another type. Suppose the function 
/ ( 2 ) is entire or meromorphic and let the equation 

/ ( 2 ) =0 (41.12) 

have an infinitude of roots, z t , z 2 , . . ., z n , . . .. By the uniqueness 
theorem, each bounded domain in the complex z plane can have only 
a finite number of roots of Eq. (41.12); hence, z n ->■ 00 as n 00 . 
Let us examine the asymptotic behavior of the roots of Eq. (41.12) 
for some elementary functions / ( 2 ). 

Example 8 . The equation 

+ 1 
tan 2 — — 
z 


(41.13) 
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has an infinite number of real roots, which the graphs of the function 
tan x and Hx clearly show. Since both tan x and Ux are odd func- 
tions, the real roots of Eq. (41.13) lie symmetrically in relation to 
point x = 0. Suppose x n is a root of Eq. (41.13) that lies in the in- 
terval nn — jt/2 <Zx <C.nn jt/ 2. Let us find the asymptotic be- 
havior of x n as n 4-°o. : Assuming that x = nn -f- y and i/nn = e, 
we arrive at an equation for y: 


f (y) = e, f (y) = — - sm y . — (41 . 14) 

j y j w ; cos y — y sin y v ' 

At e = 0 Eq. (41.14) has a simple root y = 0. Let us establish the 
asymptotic behavior of the solution y (e) of Eq. (41.14) such that 
y (e) -*■ 0 as e -> 0. This equation is of type (41.1), where the func- 
tion / (y) is regular at point y “0 and this point is a simple zero for 
/ (y). Example 1 yields 

oo 

y (e) = S c k E k , 

h=l 

with c i = 1, so that 

oo 

x n = nn+± r + 2-^r 
fe =2 

for large n's. In particular, 

x ” = nn + TZ + 0 (-!s) (n-^+oc). 

Equation (41.14)’also has the roots {— x n }, n = 1,2, . . .. □ 
Remark 2. It can be proved that the only roots Eq. (41.13) has 
are real roots. 

Example 9 . Consider the equation 

z — In z = X (41.15) 

in Z>, with D the complex z plane with a cut along the semiaxis 
( — oo, 0] and without the closed circle | z | ^ p, p > 0. Here In z 
is the regular branch of the logarithm in D that is positive for real 
z = x > 0. 

Let us establish the asymptotic behavior of the roots of Eq. (41.15) 
as k -> + oo. Suppose that Eq. (41.15) has a root z = z (X) for large 
values of X. Then z (>i) oo as X-^ + oo. This follows from the 
fact that the function z — In z is bounded in any bounded domain 

DaD. 
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Further, In z = In | z | + I cp | < n for z 6 D, so that | In z |= 
o (| z |) as z oo, z 6 D. Hence, z (X) ~ A as A + oo and 

,z (A,) = k (1 + l (l)), 

where C (A) 0 as X -poo. 

Let us first show that for A A 0 ;> 0 and a large A 0 Eq. (41.15)> 
has in D only one rodt z ( A ), with 

z (A) = A + Q(lnA) (A -+ +<*>)• (41.16) 

Putting z = A, (1 -{- £) in (41.15), we arrive at the following equation: 

e=i^i + In(1 x + - } . (41.17) 

Now we can use Rouche’s theorem (Sec. 30). We write Eq. (41.17)’ 
in the form 

C- (e +6 In (1 + 0) =0, (41.18)' 

where e = (In A)/A and 6 = 1/A are small parameters, with 6 = 
o (e) (A — -poo). Consider the circle K z : | C | ^ 2e. Since e ->• O’ 

as A -poo, we conclude that there is a positive A 0 such that the 
circle K z lies within the circle K: | C | < 1/2 for A ^ A 0 . The func- 
tion In (1 -p C) is regular and bounded in K , i.e. | In (1 + £) | ^ 
M , and this is true for the circle K z for A ^ A 0 . At the boundary^ 
| C | = 2e of K z we have 

| - e - 6 In (1 + £) |< e + MS, 

and since 6 = o (e) as A + 00 , we can write 

| - e - « In (1 + 0 I < 2e = | C | 

for A ^ A x if Ajl is large. By Rouche’s theorem, the number of roots 
of Eq. (41.18) lying inside K z is equal to the number of roots of the- 
equation C = 0. Hence, for A ^ A 2 Eq. (41.18) has a single root 
Co (A) in the circle K z , with | Co M I < 2 | e |, i.e. Co (^) = 
0 ((In A)/A) (A —>■ — |— oo). We have thus proved the validitv of 
(41.16). 

Let us make (41.16) more exact. To this end we use the iteration 
method, i.e. we substitute the estimate C =0 ((In A)/A) into the 
right-hand side of Eq. (41.17). We then have 

since In (1-f C) = 0(C) (C“^0). Hence, 

Z (k) = \ + \ n l + 0 (X-+ + oo), (41.16> 
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and we have an asymptotic formula for z (k) that is more exact than 
(41.16). If we substitute the more precise formula for £ into the right- 
Tiand side of Eq. (41.17), we obtain an asymptotic formula for z (k) 
that is still more exact. The process can be continued. 

Finally, it is easy to verify that the asymptotic formula (41.16) 
is valid for k 6 S, \k | ->■ oo, where S is a sector of the type | arg k | ^ 
:rt — a (0 <C a < jt). In these formulas In k is the regular branch 
of the logarithm in S that is positive for real k > 1. □ 

Example 10. Consider the equation 

e z — az (a =£0). (41.19) 

We will show that this equation has an infinitude of roots and will 
examine their asymptotic behavior. 

In any bounded domain in the complex z plane there can be only a 
finite number of roots of Eq. (41.19), since e z — az is an entire function. 
Moreover, the function | e z | exponentially increases along any ray 
arg z = a that lies in the right half-plane, and exponentially de- 
creases along any ray arg z = a that lies in the left half-plane, while 
the function | az | increases linearly along any ray. This implies that 
the roots of Eq. (41.19) group around the imaginary axis, i.e. all 
roots except a finite number lie in a sector that contains the imagi- 
nary axis. Here is a rigorous proof of this proposition. 

In Re z ^ 0, | z | > 1/| a | there are no roots of Eq. (41.19) be- 

cause | e z |^1, while | az | > 1. 

Suppose S z is the sector | arg z | ^ Jt/2 — e. Let us show that 
for a fixed e £ (0, Jt/2) there can be only a finite number of roots of 

Eq. (41.19) in S e . For z £ S e we have z = re'w, where | cp | ^ 
Jt/2 — e, so that | e z | = e r cos <p ^ e r sin e . Since | az \ = | a \ r = 

0 ( e r sin e) ( r -j-oo) , we can write | e z | > | az | (z 6 S Z1 | z | > 

R) for large Z?’s, and Eq. (41.19) has no roots in the domain j z j > 

i?, z 6 S z . Hence, Eq. (41.19) has only a finite number of roots 
in sector S e . 

Now let us consider the sector S E : Jt/2 — e ^ arg z ^ Jt/2. If 
Eq. (41.19) has an infinite number of roots in the sector S e , the roots 
tend to infinity as n — >■ oo. Suppose z f 5 e is a root of Eq. (41.19). 
Then there is an integer n such that 

z = 2nin -f- In a -[-In z. (41.20) 

Here In a is a fixed value of the logarithm, and In z is the regular 
branch of the logarithm in the half-plane Re z > 0 that assumes 
positive values on the semiaxis (0, oo). Thus, we have arrived at 
the equation studied in Example 9, with k = 2 nin -f- In a . To es- 
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tablish the asymptotic behavior’of the roots we follow the same line 
of reasoning as in Example 9. Putting z = 2nin -f- £, we obtain 

l = In {Inina) + 

50 that £ ~ In (2nina) (n— >■ oo), Then 

1 "( 1 +4r)= 0 (4r)=°( J 7r)' 

z n — 2nin + In n + In (2 nin) +0 ( ■ ■ — — j (n-+ + oo ). (41.21) 

Substituting z = z n from (41.21) into Eq. (41.20), we can make 
this asymptotic formula more precise. 

In (41.21) we have 

In n > 0, Re In (2 jt in) > 0. 

A similar collection of roots of Eq. (41.19) lies in the sector — jt/ 2 ^ 
arg z ^ — jt/ 2 -f e. □ 

Example 11. Let us establish the asymptotic behavior of the roots 
of the equation 

sin z = z. (41.22) 

The function | sin z | grows exponentially along any ray that starts 
at point z = 0 except the two real semiaxes. For this reason the roots 
of Eq. (41.22) can group only around the real axis. Let us prove this 

proposition. Suppose S e is the sector e ^ arg z ^ n — e, where 
0 < e < n and e is fixed. We put z = re if *. Then e ^ (p ^ jx — e 

for z £ S e . We have 

| sin z | = -i- | e xz — e~ xz | ^ (e r sitl e — e~ r sin e ) ? z 6 S e . 

If z 6£ e , | z | ^ i?, and R is large, then | sin z | > | z | and in 
this domain Eq. (41.22) has no roots. Hence, there is only a finite 

number of roots of Eq. (41.22) in S e . The same is true for the sector 

— ji + e ^ arg z ^ — e, since / (z) = sin z — z is an odd function. 
The roots of Eq. (41.22) are “grouped” in fours: z 0 , z 0 , — z 0 , and 

— z 0 , since / (z) is odd and f (z) = / (z) (if x is a real number, / (x) 
is a real number, too). It is therefore sufficient to examine the asymp- 
totic behavior of the roots in the sector S e : 0 ^ arg z ^ e. Here e 
is a fixed positive number that can be chosen as small as desired. 

We write Eq. (41.22) in the form 


e iz — e~ iz = 2iz. 
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Solving this equation for e iz , we obtain 

e iz = i(z-j-y r z 2 -l). (41.23) 

The function V z 2 — 1 splits in sector S B into two regular branches 
fj (z), 7=1,2, with / 2 (z) == — j x ( z ). Let f 1 (z) be the branch that 
is positive for real z = x > 1. Then f 1 (z) ~ z and / 2 (z) ~ —z for 
z 6 S e . Hence, z 4- f ± (z) ~ 2 z and z 4 - / 2 (z) ~ l/2z as z — ^ oo, 
z £ S e (see Example 11 in Sec. 24). Since lmz>0 for z 6 S e , we 
conclude that | e iz | ^ 1 in this sector. For this reason Eq. (41.23) 
has the form e iz = i (z / 2 (z)) for z 6 S e , | z | ]>. 1/2. Finding the 
logarithm of this relationship, we obtain 

z =-- 2nn + 4r — i In g (z). (41.24) 

Here g (z) = z -f- / 2 (z), and n is a positive integer; by In z we de- 
note the regular branch of the logarithm in S e that assumes real 
values for real z’s. The reader will recall that the roots of Eq. (41.24) 
tend to infinity as n — oo, which means that z n ~ 2it n as n -> cxr 
Moreover, for z £ S z and z oo we have 

ir(z) = 4'+° (■?■)’ 

In g (z) = — In (2z) + In ( 1 + 0 ( -J-) ) = “ ln ( 2z ) + ^ (•“) ’ 
and Eq. (41.24) takes the form 

z = 2ji72 + -^- + nn(2z) + 0 

(here z = z n ). If we follow the line of reasoning developed in Exam- 
ple 9, we reveal the behavior of the roots 

z n = 2nn + i In (4jrrc) + -y* + 0 (”4~) (rc— ^ + °°). (41.25) 

The other three collections of roots of Eq. '41.22) are {z n }, {— z n } r 
and {— z n }. □ 

41.2 Simple estimates of integrals Let us consider the integral 

X 

F (*) = j / (t) clt. (41.26) 

a 

We are interested in the asymptotic behavior of the integral F (#) 
as x -> -f-oo. If the integral on the right-hand side has a finite value,, 
then, obviously, 

oo 

F(x)= j f(t) dt+o(l) (x-+ + oo). 
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In this case it is natural to study the behavior of the integral 
G (x) = F (+oo) — F (x) as x -*■ he* we wish to study the 

function 


oo 



G(x)=jf(t) dt. 

X 

(41.27) 

Under broad 

assumptions, asymptotic estimates 

can be inte- 

grated, i.e. if 

f (t) ~ g ( t ) (t -*■ +oo), 

(41.28) 

then 




j / (t) dt ~ j g (t) dt (x— ►-foo). 

(41.29) 


a a 


Here are the corresponding sufficient conditions. 

Theorem 1 Suppose two functions , / ( t ) and g ( t ), are continuous 
for t^ a, the function g ( t ) is strictly positive for large values of t , and 

+oo 

^ g ( t ) dt = - j- oo . (41.30) 

a 

Then from (41.28) follows (41.29). 

Proof. By L ’Hospital’s rule, 


lim 

X -► + oo 



lim 

X -*- + oo 


H f) 

g{x) 


= 1 . 


The applicability of this rule follows from (41.30). 

In exactly the same manner we can prove 

Corollary 1 Suppose the conditions of Theorem 1 are met and 
f(t)=o(g(t)) (t-++oo). 

Then 

X X 

^ f(t)dt = o g(t) dt j (x-v+oo). 
a a 


Corollary 2 Suppose the conditions of Theorem 1 are met and 
f (t) =0 (g (t)) (t^zb^s a). 
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Then 


X X 

j / (t) dt=0 ( [ g (t) dt) (x-^ + oo). 

a a 


Proof. By hypothesis, there is a positive constant C such that 
\f(t)\<Cg ( t ) (i t > b). 

Hence, for x ^ b we have 

X X 

I J / (*) dt < C j g (t) dt=CH ( X ). 

b 6 

Moreover, for x^b we have 

b x 

I ^ (*) I = l(W) f(t) dt\ < C t + CH (x), 

a b 

where C 1 = j | / (t) | dt. Since H (x) +oo as a: ->■ + we 

a 

conclude that 

C 1 + CH (x) = CH (x) (i+o (1)) < 2 CH (x) 


for large values of x . This proves Corollary 2. 

Example 12. From Theorem 1 and Corollaries 1 and 2 it follows 
that if a > — 1, C 0, then the following asymptotic estimates 
holds as x ->- + oo: 


/ (x) ~ Cx a => j f (t) dt ~ C * +x , 

a 

x 

f (x) = o (x a ) => j f (t) dt = o (a: a+1 ), 

a 

x 

f (x) = 0 (x a ) =>■ j f (t) dt = 0 (x a+i ). 


Here / (x) is a continuous function for x ^ a. □ 
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Example 13. Suppose we have a function / (:r) that is continuous 
for x a and C =£ 0. Then the following asymptotic estimates- 
hold as x +oo: 

X 

f (x) ~ — =>• [ f ( t ) dt ~ C In x y 

X J 

a 

x 

\ / (t)dt = o (In x), 

a 

x 

f(x)=0(±)^\ f (f) dt = 0 (In x). 

n 

These estimates follow from Theorem 1 and Corollaries 1 and 2. Q 
Example 14. Let us consider the integral 

X 

F(x) = j VW+ldt. 

0 

Since ]/"j 2 + 1 ~ t as t +oo, we conclude that F (x) ~ x 2 I2 
(x +oo). 

We wish to examine the asymptotic behavior of F (x) as x ->• + oo 
in greater detail. By Taylor’s formula we find that for t^2 we 
have 

Hence, for x ^ 2 we have 

XX X 

j yw+l dt— j (f + J-) dt + j 0(t~ 3 )dt. 

2 2 2 

The second integral on the right-hand side has a finite value, so that 
F (x) —’~Y J r~Y~ J rO (1) (x-*+oo). 

In greater detail the proof is as follows: 

F W = ( j + ])V*+ idt =-T+- ! ¥‘ 

o 2 

+ [ - (4-+-^t~) u + i ° + j + 1 

2 0 
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The expression inside the brackets has the order of O (1) as x -*■ 
+°°- □ 

Theorem and Corollaries 1 and 2 remain valid, obviously, if we 
replace the semiaxis [a, -foo) with a finite half-open interval [a, 6) 
and condition (41.30) by the condition 

b 

j g(t) clt s= -foo. 


Example 15. Let us assume that / (x) ~ Cx~ a (x — +0), where 
C =jt= 0, a > 1, and the function / (r) is continuous for 0 < x ^ a. 
Then 

f -a+i 

a 

Similarly, as ->-4-0, 


f (x) ~ ^ f (t) dt ~ C In x. □ 

a 


Let us consider integrals of the type (41.27). 

Example 16. Suppose two functions, / ( t ) and g ( t ), are continuous 
at t ^ a, the function g (t) is positive for large values of t, and the 

oo 

integral ^ g ( t ) dt has a finite value. Then the following asymptotic 

a 

estimates holds as x ->- +°°J 

oo oo 

/(*) ~ £(*)=► j / (<) dt — j £ (f) dt, 

X X 

oo oo 

/(*) = o (*(*))=> j /(*) df = o ( j g(t) dt) , 

X X 

OO 00 

f(x) = 0(g(x))=> J/(f) df = <?(Jg(t) dt). 

X X 

Indeed, in all three cases the convergence of the integral of g (t) 
along the semiaxis t a implies the convergence of the integral of 
/ (£) along the same semiaxis. After this, just as in the proof of 
Theorem 1, we only need to employ L ’Hospital’s rule. □ 
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Example 17. Suppose a > 1 and C =£ 0 are constants, and the 
function / ( x ) is continuous for x ^ a. Then the following asymp- 
totic estimates hold as x -> -f oo: 

QO _ 

f(x)~Cx~«=> j f(t)dt~ -§^ f 

X 

00 

f (x) = o (x~ a ) =>- f / (t) dt= o(x 1 ~ a ), 

J 

X 

oo 

/(x) = 0 ( 2 ;-“) =>- j / (t) dt = 0 (x 1-a ). □ 

X 

Example 18. Let us consider the integral 

X 

F (x) = j yw+vjt) dt, 

0 

where i? {x) is continuous and nonnegative for x ^ 0, i; (x) ->■ 0 
as a: — -foo, and k is a positive constant. Let us examine the asymp- 
totic behavior of F {x) as x ->■ -foo. 

(a) Since V & 2 + v (x) ~ k as x ->■ +oo, in view of Theorem 1 
we have 

F (x) ~ kx (z->- +oo). 

oo 

(b) Let us also assume that j v (t) dt < oo . 

o 

Then we can have more precise estimates for F (x). We have 



v (t) 

'k* + v(t) + k 


Ht) 

yk*+v(t)+k 


The secondlterm on the right-hand side is o (1) as x -*■ +oo. Hence, 
F (x) = kx + C + o (1) (x -*■ -f- oo), 

C= [ — - dt. 

J Yk*+v(t)+k 


25-01641 
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(c) If we have additional information on v (x)> the estimate of 
F (t) is still more precise. Suppose, for instance, that r(x)+ k 2 
is positive for x ^ 0 and 

v (a;) ~ Ax~ a (x +°c>)> 


where A =£ 0, a > 1. Then 

v(x) 


'-?T x - a (x-++Oo), 


Y k 2 + v (x) + k 2k 

so that formula (41.31) and Example 17 yield 


F (x) = kx + C 4- 


Ax~ a+i 


27c (1 — a) 


o (a;“ a+1 ) ( x 


+ oo). □ 


Example 19. Let us examine the asymptotic behavior, as e 
of the integral 


F(e)=j 

0 


/ (£) dt 
t -f- 8 


+o> 


Here / (£) is a continuously differentiable function for 0 ^ t ^ 1. 
Note that at e = 0 the integral F (e) has no finite value of / (0) =^= 0 
and has a finite value if / (0) == 0. We therefore represent this 
integral in the form 

F (8) = j dt + j dt = F t (e) + F 2 (e) . 

0 0 


We have 

F 1 (e) = / (0) [In (1 + e) — In e] = — / (0) In e + O (e). 
Let us show that 

F 2 (e)=0(l) (e-*+0). 


The function / (t) — / (0) can be represented in the form / ( t ) — 
/ (0) = £cp ( t ), where cp ( t ) is a continuous function for 0 ^ t ^ 
1. Hence, 

1 r£r L dt < M j 7x7 dt < M > 

0 0 

where M = max | cp (£)| . Thus, 

0 < * < 1 

1 

} f ( t ) dt 

J t-\~£ 

0 


— /(0) lne + 0 (1) (e-^-f-0). □ 
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41.3 Asymptotic estimates of some series Let us consider the sum 

n 

S(n)= 2 / (k). (41.32) 

k=Q 

We are interested in the asymptotic behavior of S (n) as n — -f-oo. 
The general case of this problem is extremely complex. We will 
restrict our discussion to series with terms of constant sign. One of 
the main methods of obtaining asymptotic estimates for series of 
the type (41.32) is to replace the sum by an integral. 

Theorem 2 Suppose the function f (x) is nonnegative , continuous , 
and monotonic for x ^ 0. Then 

n n 

2 f( k )=\ f(x)-dx + 0(l)-\-0 (f(n)) (n-+ oo). (41.33) 

k=Q 0 


Proof. Suppose f (x) does not decrease. Then 

h k+i 

j / (x) dx ^ f (k) ^ j / (x) dx. 


A- 1 


Summing the inequalities for k = 1, 2, . . n — 1, we obtain 

n-i n 

j / (x) dx ^.S (n) — / (0) — / (n) ^ j / (x) dx. 
o 1 

Consequently, 

n n 

| S (n) - f (0) - / (n) - j /» dx | < j / (x) dx </(»), (41 .34) 

0 n-i 


which proves the validity of (41.33), The case where / (#) does not 
increase can be treated similarly. 

Example 20. Let us show that 

n 

2 -j=ln« + 0(l) («->+oo). 
h= 1 


Theorem 2 implies that, as n-+ oo, 

2T = i4 + () < 1 ) + () (7) = lnB + 0 ( 1 )' □ 

A=1 1 

1 ! 5 * 
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Example 21. Suppose a> — 1. Then 

n j 

ft=i 

By Theorem 2, we obtain, as n-*-oo, 

n n 

2 h* = J x a dx + O (1) -\-0 (n a ) 

Here is another result concerning (41,32) being replaced by the 

n 

integral jf (x) dx. 
o 

Theorem 3 Let the function f (x) be continuously differentiable 
for x ^ 0. Then 


n 


2 


n 

f( k )—\f (*) dx 


0 





(41.35) 


Proof. We have 

A A 

/(*)« j /(*)*» = j f(x)dx-rg(k), 

A-l A-l 

A 

g{k)= j I/(ft)-/(x)]<te. 

fe-i 

Let us estimate | g (k) | . Since 

A 

f(k)-f(x)= j /'(*)<», 
for A — 1 ^ ^ & we can write 

A 

!/(*) — /(*) |< J !/'(*) I*. 

A-l 


from which follows the estimate 

A 

l*(*) l< j | /(*)—/ K | 

A-l 


A A 


5 ( J I /'(*) l<ft) dx, 


A-l A- J 


A 


= 5 | /'(*)!*• 

a^i 
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n k 


Hence, 

n n n 

2 i(k)-]f(x)dx\ = |/(0)-|- 2 *(ft)|<-|/(0) 

fc=0 0 ft= 1 

n 

+ 2 ( \r (i t ) i <«, 

fe=i ft- 1 

from which (41.35) follows. 

Corollary 3 // the conditions of Theorem 3 are met , then 

oo oo cx; 

*2i 1 ^ j {x) dx < | / (n) I + j I /' (Z) | cte, (41.36) 


h=n 


on the assumption that all the series and integrals in this formula are 
convergent . 

Note that Examples 20 and 21 could be investigated via Theorem 3. 
Example 22. Let us show that for a > 1 


oo 



-a+1 


r-(n 

a — 1 v 


oo). 


We use the estimate (41.36). In the case at hand f (x) = x~ a and 
/' (x) = — ax -a -1 , so that 

r r n~ a+i 

] I/' (*) I dx = n ~ a , j f(x)dx= K _ — , 

n n 

and, as jz— + oo , 

2 = “a-1 + “)• □ 

h=n 


42 Asymptotic Expansions 

42.1 An example of an asymptotic expansion Let us take the 
function 

oo 

/ (*) = j trie*-* dt, 

X 

where x > 0, and study its behavior as x -+■ + oo. Integrating by 
parts, we obtain 

oo oo 

/ (*) = — j t~'d {e x - f ) = 1 - ( t-*e x ~ l dt. 

X X 
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Repeating integration by parts, we obtain 



( — l) n n! I 

x n+1 J 


+ ( - ir* (n + 1)! J dt = S n (; r ) + R n (x), 

X 


where S n (x) is the expression inside the square brackets. Let us 
estimate R n (x). Since ^1 for x ^ £, we can write 

oc 

I Rn(x) K(»+l)! j t-”-*dt= 7 £ r . 


Consequently, as >-+oo, 


+ 


( — l)n-i (»-l)l 


O(^r). (42.1) 


The absolute value of the remainder term does not exceed 2 n: .r -71-1 . 

We have arrived at a sequence of asymptotic formulas each of 
which is more exact than the preceding one: 


m=i + 0(4r), nx) .±-Jr + o(±), .... 

etc. These formulas enable us to approximately calculate / (x) 
for large values of x since 

l/(*)-Sn-i(z)|<^r. (42.2) 


The right-hand side of (42.2) is small for large £ 7 s. For instance, for 
x ^ 2 n we have 


For this reason, for large values of x we can calculate / (x) with 
a high accuracy if we take a large number of terms in the asymptotic 
expansion (42.1). 

What is striking is that the asymptotic formula (42.1) (obtained 
for x — >• -j-oo) remains valid for not very large values of x as well. 
For instance, for x = 10 and n = 5 we obtain S 5 (10) = 0.09152 
and 0 </ (10) — S 5 (10) < 0.00012, and the error introduced by 
the approximate formula / (10) « S 5 (10) is about 0.1 percent. 

Note that a direct calculation of / (x) (e.g. with a computer) is the 
more complex the larger the value of x, while the asymptotic for- 
mula (42.1) becomes more exact as x grows. The French astronomer 
and mathematician Pierre Laplace once wrote that an asymptotic 
method is the more exact the more it is needed. 
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The function / ( x ) can be assigned a series: 

71=0 

This series is convergent for any value of x. Indeed, the absolute 
value of the ratio of the (n + l)th term to the nth term is ( n + 1) x~ x -+ 
oo as n oo. Nevertheless, this divergent series, as shown ear- 
lier, can be used to approximately calculate / (x). 

The example that we have just given was studied by the Swiss 
mathematician and physicist Leonhard Euler as early as the 18th 
century. At present asymptotic methods are used widely in various 
fields of mathematics, physics, and technology. What makes asymp- 
totic methods important is that they enable us to arrive at simple 
approximations for complex objects. This, in turn, offers the possi- 
bility of obtaining an adequate qualitative description of the phenom- 
enon being considered. The present chapter will give the reader 
an understanding of some of the more well-known asymptotic 
methods. 

Let us now turn to a more rigorous description of the concept 
of an asymptotic expansion. 

42.2 The concept of an asymptotic expansion Suppose M is 
a set of points (on the real axis or in the complex plane) and a is 
a limit point of this set. The sequence of functions {cp n (z)}, n = 
0, 1, 2, . . ., with the functions being defined for x 6 M in 
a neighborhood of point a, is said to be an asymptotic sequence (as 
x-*a, x 6 M) if for each n we have 

<Pn+i (*) = o (<p„ (x)) (x -> a, x 6 M). 

Here are some examples of asymptotic sequences. 

Example 2. The sequence of the functions cp n {x) — x n is asymptot- 
ic as x -*■ 0 (we can take a neighborhood or half-neighborhood of 
point a = 0 as M ). □ 

Example 2. The sequence of the functions cp^ (x) = x~ n is asymp- 
totic as x -> a, x 6 M in the following cases: 

(1) M is the set of points \ x \ > c, a = oo; 

(2) M is the semiaxis x > c, a = +oo; 

(3) M is the semiaxis x < c, a = — oo. □ 

Example 3. The sequence of the functions cp n (z) =z n is asymptot- 
ic as z -> 0, z 6 M. For M we can use the punctured neighborhood 
0 < | z | < r of point z =0 or a sector with the vertex at this point, 
0 < | z j < r, a<agrz<p (0 < p — a < 2 jx). □ 

Example 4. The sequence of the functions ( p n (z) = z“ n is asymp- 
totic as z — >- oo . For M we can take a neighborhood of point z = 

oo (| z | > R) or the sector | z | > R, a < arg z < p (0 < 

(3 — a ^ 2n) in the complex plane. □ 
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The above asymptotic sequences are known as asymptotic power 
sequences. 

Let us now discuss the concept of an asymptotic expansion, which 
was introduced by the French mathematician Jules H. Poincare. 
Definition 1 . Suppose the sequence {c p n (#)} is asymptotic as 

oo 

x ->» a, x 6 M. The formal series 2 a n<Pn (#)> with the % being 

71 = 0 

constant, is said to be an asymptotic expansion for / (, x ) if for any 
nonnegativejinteger N we have 

N 

f(x)—'Ea n (( n (x) = o{y N (x)) (z->a, x£Af). (42.3), 

n=0 

oo 

The series 2 a ntyn i x ) is said to be an asymptotic series for the 

71=0 

function / ( x ), and we use the notation 

oo 

/ (*) ~ 5 a n<Vn (^) (*-*■ a, X £ M). 

71=0 

In Sec. 42.1 we obtained the following asymptotic expansion: 
] (-¥-'* - S (x^ + oo). (42.4) 

* 71=0 

In what follows we^will drop the reference to set M whenever this 
does not cause any ambiguities. 

At this point we stress the important fact that an asymptotic 
series may be divergent. For instance, the asymptotic series (42.4) 
is divergent for all x's. This possibility lies in Definition 1. Indeed, 
let us put 

N 

Rn (*) —/(*)— 2 Qn<Pn (*)• 

71=0 

Then, by definition* 

1^.-0 (*-«,»€ M), 

where, however, nothing is said about the behavior of the remainder 
term'fljv (x) as N -> oo (cf. the definition of a convergent series). 

°° 71 

Obviously, convergent series are asymptotic, e.g. e* ~ 2 — r( x 

71=0 Hl 

However, the term “asymptotic series” is usually reserved for series 
that are divergent or whose convergence cannot be established. 

An important property of an asymptotic expansion is its unique- 
ness. 
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Theorem 1 There can be only one asymptotic expansion for a given’ 
function in a given asymptotic sequence. 

Proof. Suppose, there are two asymptotic expansions for a function* 

/ (*): 

oo oo 

l(x) ~ 2 (*). / (*) ~ 2 b n<Vn (*) 

?i=0 n= 0 

(x ->• a, x £ M). 

Let us show that a n = b n for all n's. By definition, 

/ (x) — a 0 q> 0 (x) = o (<p 0 (x)), / (x) — & 0 <p 0 (x) = o (<p 0 (x)) 

(we assume everywhere that x — a, x 6 M). Subtracting the first 
relationship from the second, we find that ( a 0 — b 0 ) <p 0 (x) = 
o ((p 0 (a:)). Now, if we divide the result by cp 0 (x), we obtain 
a 0 — b 0 =-0 (1). Going over to the limit as x a r x £ M, we find; 
that a 0 = b 0 . Now we will show that a x = b v We have 

/ (x) — a 0 < p 0 (x) — (x) = o (q^ (x)), 

/ (x) — a 0 q> 0 (x) — bi cp x (x) = o (cp x (x)), 

from which it follows that — b x ) cp x (x) = o (, x )), and whence' 

= 6 1# We can similarly prove that a n = b n for any n. 

Note that different functions may have the same asymptotic 
expansion. For instance, 

e~ x ~ 0 X x°+ 0 X x~ x + . • • + 0 X x~ n -f . . . (x -*■ -foo) 

(since e~ x decreases faster than any power of a: as x — -foo) and: 
0~0X£°+0X x~ x + . . . -f 0 X x~ n + . . . (x -foo). 

42.3 Operations on asymptotic power series An asymptotic 
expansion in an asymptotic power sequence (see Examples 1-4)^ 
is called an asymptotic power series. These series can be subjected 
to the same operations as convergent power series, i.e. add, mul- 
tiply, etc. them. Here are the main rules for operations on asymptot- 
ic power series. Below we assume that z-^oo, z£S, where S 
is the sector | z | i?, a ^ arg z ^ p (0 ^ p — a ^ 2jr); for 

one, S can be a ray or the exterior of the circle | z | ^ R. 

(1) Theorem 2 Suppose the following asymptotic expansions are 
valid, as z oo, z 6 S: 


E *, g{*)~yib n z-\ 

71 = 0 71=0 



394 Simple Asymptotic Methods 


"Then , as oo, 

oo 

(a) a/ (z) + p£ (z) ~ 2 (aa n + P&„) z~ n ; 

n=0 

(b) f(*)g(*)~ 2 c n z- n ; 

n=0 

oo 

(C) 7$-~2<*nZ- n */fc 0 ^0. 

n=0 

The coefficients c n and d n are calculated by the same formulas as 
for convergent power series. 

For example, let us prove Property (b). (The other properties 
can be proved similarly.) For any nonnegative integer N we have 

/(*)= 2 a n z- n + 0(z~N- 1), g(z) = 2 b n z-" + 0(z-K~'), 

n=0 n= 0 

whence 

N 

f(z)g(z)= 2 CnZ^ + OCz--^- 1 ), C n = a 0 b n + a i b n _ l + ...+a n b 0 . 

n— 0 

(2) Asymptotic power series can be integrated termwise. Precisely, 
we have 

Theorem 3 Suppose f (x) is continuous for x > 0 and 

oo 

f (x ) — a n x ~ n (X-+ + oo). 
n = 2 

Then 


^f(t)dt~ 'Z-^zjX~ n+i (x >■ -J- oo), 

X 77=2 

Proof. For any integral value of N greater than unity we have 

oo oo N N oo 

5 / (f) dt= j ( 2 a n t- n + R N (t))dt= 2 TTT *- n+1 + J ^ (*) 

X X 77=2 77=2 X 


Since | R N (t) | ^ c N t~ N ~ 1 for large values of t , where c N is constant, 
we can write 
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(3) The following proposition can be proved similarly: 

Theorem 4 Suppose the function f (z) is regular in the sector S: 
| z | ^ i?, a <Z arg z < P (0 < P - a ^ 2n) and can be ex - 
panded in the asymptotic series 


f ( z ) ~ 2 a n z~ n (z-+oo, z£S). 

n = 2 

Then as z oo, z £ S, where S is any closed sector lying strictly 
inside S, the following asymptotic expansion is valid : 

oc oo 

j /«)<*£- 2 7l!rr 2 ' r ' +1 - 

z 77=2 


Here the integral is taken along any path lying in S. 

(4) An asymptotic series generally cannot be differentiated. But 
if / (z) is a regular function, then the corresponding asymptotic 
power series can be differentiated term-by-term. 

Theorem 5 Suppose the function f (z) is regular in the sector S: 
J z \ ^R, a < arg z < P (0 < P — a ^ 2 ji) and can be expanded 
in an asymptotic series : 

oc 

/ ( 2 ) — 2 a n 2 ~ n (z-> 00 , z 6 5). 

n=0 

Then the following asymptotic expansion is valid: 


f (z) 2 na n z~ n ~ l (z->- 00 , z 65), 

71 = 1 

where S is any closed sector lying in S . 

Proof, Suppose £ is the sector a 1 ^ arg z ^ Pi, a < a t < P x <C 
,p. For every z 6 5 we have 


f f/-v 1 f /(j 

^ ^ ^ 2:ii J (£ — 


/ (Q_ 
*) 2 


dt. 


v 

For y we take the circle | £ — z | = e | z | lying in 5, where 0 < 

■ej< 1. Since z £ S, we can select e not depending on z. By hy- 
pothesis, for any integral value of N greater than unity, 

/(z)= 2 a n z-"+R N (z), | R n (z) |z I - " -1 

n=0 


■and the function (z) is regular in S . We have 
/'(*)=- S na n z~ n ~ i -\- Rff (z). 

71= i 


(26^), 
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The estimate for the remainder term is 

V 

I 2 | -1 max 1 1 r"- 1 ^ I 2 r* -2 . 
;ev 

since | £ j ^ (1 — e) \ z | for £ 6 V- Here c' N is a positive constant* 

43 Laplace’s Method 

43.1 Heuristic considerations In this section we discuss integrals 
of the type 

b 

F (A) = j / (x) e xs W dx y (43.1) 

a 

which are known as Laplace integrals. Here I = [a, b ] is a finite 
segment, and A, is a large parameter. We will not consider the trivial 

cases / (x) = 0 and S (;r) = const* 
Everywhere in this section we 
assume that the function S (x) ad- 
mits only real values. The function 
/ (;z), on the other hand, may be 
complex valued. We assume also- 
that / (x) and S (x) are con- 
tinuous for x 6 /. 

We are interested in the asymp- 
totic behavior of the integral 
F (A) as A +oo. Laplace inte- 
grals can be evaluated explicitly 
only in a limited number of 
cases, but their asymptotic behavior 
can be evaluated practically always. For the sake of simplicity we 
will assume that the peak of S (x) in I is located only at one point 
x 0 6 L Here are the two most important cases: 

(1) max S (x) is attained at an interior point x 0 of /, and 

x e i 

S" (x 0 ) 0. 

It is clear that for large positive A’s the magnitude of the integral 
is determined primarily by the exponential e ls ^ . Let us consider 
the function 

h (x, A) = e MS(x)~S{x 0 )) m 

By hypothesis, h (x 0 , A) =1, while h (x. A) < 1 at x x 0 , A > 0* 

As A grows, the maximum at x 0 becomes more and more pronounced 
(Fig. 157). For this reason the value of (43.1) is approximately equal 
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to the value of the integral taken over a small neighborhood (x 0 — 
6,‘ x 0 -f 8) of point x 0 . In such a neighborhood we can approxi- 
mately substitute a linear function for / (x) and a quadratic function 
for S (x): 

(x 0 ) , S(x) — S (x 0 ) « S" (x 0 ) (x — x 0 ) 2 . 


Whence, for / ( x 0 ) 0 we have 

x 0 +6 

F (X) « (x 0 ) ( e o./2)S”M(x-x,)* fa, (43.2) 

x 0 -6 

A rigorous substantiation of these approximations will be given 
in Sec. 43.4. 

Introducing a new variable t by the formula £ — x 0 = tlY — r kS"(x^), 
with S" (x 0 ) < 0 since x 0 is the point of maximum, we find that 
the integral in (43.2) is equal to 


1 

Y-w (*«) 


6 V - lS"(x 0 j 

{ e-Wdt. 
-6Y-\S"(x 0 ) 


For A +oo the limits of integration tend to ±oo, and the integral 
above tends to 


j e _i ’/2 dt = Y 2n. 

— oo 

Hence, the asymptotic behavior of the integral F (A,) as A -> +oo 
is the following: 

'W*/ W / «“'*>• <43.3) 

(2) max S (x) is attained only at the end point x = a of seg- 

3C6 1 

ment /, and (a) =£ 0. 

The same considerations as in case (1) show that for large Vs 
the integral F (A) is approximately equal to the value of the integral 
taken over a small segment [a, a +61* On this segment we" can 
replace f (x) and S (x) by linear functions: 

/ (x) & f (a), * S (x) S (a) + (x — a) S' (a). 

a+& 

F (X) « e XS ^f (a) f gHx-a)S'(a) dx. 


Then 
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The integral here is equal to 

1 e MS’(a) i 

kS' (a) XS 7 (a) \kS' (a) 9 

since S'(a)<0. Hence, as k-*~-roo, 

F (A) « e XS(a) - (43.4) 

Formulas (43.3) and (43.4) are the basic asymptotic formulas for 
Laplace integrals. Let us now derive them rigorously. 

43.2 The maximum of S(x) at an end point of the interval Let 
us first obtain a rough estimate for Laplace integrals. 

Lemma 1 Let I = (a, b) be a finite or infinite interval , 

£(*)<£, x 6 /, (43.5) 

and the integral (43.1) be absolutely convergent for a k 0 > 0. Then for 
Re k ^ A 0 we have 

| F(k) |<C/ Re \ (43.6) 

where C 1 is a constant. 

Proof. In view of (43.5) we have, for Re k ^ k 0 , 

| e (k-ko )S(x) | ^C 0 eP**\ x6 Iy 

where C 0 = e~^ c . Hence, 

b b 

\F{K)\= j f(x) e ^SM e a-i a )S( X ) dx <^C 0 e c R <^ j | / (x) | e^ s <*> dx. 

a a 

By hypothesis, the last integral has a finite value, which proves the 
validity of estimate (43.6). 

From now on the interval I = [a, 61 is a finite segment, and the 
functions / (x) and S (x) are continuous for x 6 I. 

The asymptotic formulas for Laplace integrals, as we will show 
below, can be used not only when k -> -J-oo but when k oo, k 6 
S &y where S E is the sector | arg k | ^ jt/2 — e in the complex k 
plane. Here 0 < e < jc/ 2. Note that if k 6 S e , then 

| k | ^ Re k | k | sin e. 

For this reason, as k— >• oo, k 6 we have 

(Re k)~ n =0 (\k |“ n ), n > 0, | e-<* | = O (\ k |-*), 

where N is any positive number. 

Theorem 1 Suppose 

S (x) < S (a), x =£ a; S' (a) =^= 0, 


(43.7) 
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and let us assume that the junctions f (x) and S (x) can be differentiated' 
any number of times in a neighborhood of point x = a. Then , as X — 
oo, X 6 £ e » the following asymptotic behavior is valid : 

oo 

F (X) ~ e xsw 2 c n X~ n -K (43.8> 

n=0 

This expansion can be differentiated termwise any number of times. 
The coefficients c n can be calculated by the formula 


c„ = (-l) n+1 ( 


/ 1 d y 

( f (x) \ 

\S’ (x) dx ) 

V S' (x)l : 


(43.9). 


The principal term in the asymptotic expansion has the form (43.4) 
or , more exactly , 


f « = ++[>M + 0 (7)]- 


Proof. Since S' (a) 0, we can select a positive 6 such that 

S' (x) =^= 0 for a ^ a -f 6. We split the integral (43.1) into* 

two: 


F (X) = F, (X) + F 2 ( X ), 


where F x (^) is the integral taken along the segment [a , a +6]. 
Since S {x) attains its maximum on I only at point a, we conclude 
that S {x) ^ S (a) — c for a -f 6 ^ x ^ 6, where c is a positive 
constant. By Lemma 1, for X 6 S z we have 


I ^2 (to * I * X(S(a) ~ 0) - (43.11) 


For this reason, the integral F 2 (X) is exponentially small compared 
withe xs < a) and, in particular, compared with any term c n A,“ n “ 1 e >lS < G > 
in the asymptotic series (43.8). 

The integral F x ( X ), which is taken along the segment [a, a -j- 6], 
will be integrated by parts: 


a+6 


p hS(x) 


a 

(».)-( «»«»/, (x)dx, /,W— ^(^|). 


“ + ‘ + iF, ,().), (43.12) 


The upper limit of the first term on the right-hand side of (43.12) 
is exponentially small compared with e (as X — oo, X 6 5 e ) 
since S (a + 6) — *?(«)< 0. 
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Let] us estimate the value of F ±1 (X). We have S' (x) <0 on the 
segment I x = [a, a -[- 6 ], whereby there is a positive constant S t 
such that S' (x) ^ — S 1 for x 6 I±. By Lagrange’s formula, 

S(x) — S(a) = (x — a) S « (£), 
where | 6 (a, a + 6 ), and 

£ 4 ( 2 ) — -S' (a) ^ — S x (x — a), S t > 0 


on /j. Since /j (#) is continuous, we have \fc(x) | ^ M for x 6 A. 
Hence, 

a+6 

J (X) £-^ s ( a ) | ^ j | /i (rr) | | eMS(x)-s(a» | d x 

a 

a + 6 

j «-«•-•> ...Xi* (Xgsj. 


With this estimate in mind, we can write (43.12) thus: 


Ft (X) = e^(a) [-gL^ + 0 (A'*)] . (43.13) 


The last relationship, the estimate (43.11), and the fact that F (A) = 
(A) ^2 (A) yields formula (43.10) for the principal term in 

the asymptotic expansion. 

The integral F u (A) has exactly the same form as F 1 (A), and 


F u (A) = 


AW ^ S(3C) 

A, S' (x) 


a+6 a 
a 


The integral (A,) has the same form as F x (A,), the only difference 
being that 




If we substitute / t for / in (43.13), the integral F n (A) obeys (43.13), 
which means that 




U («) 

— WS’ (a) 


fO(A- 3 )]. 


If we proceed with^this process still further, we arrive at the 
expansion (43.8) and formula (43.9). 

What remains to be proved is that the series (43.8) can be differ- 
entiated term-by-term. The function F (?t) is an entire function 
ef X (Theorem 1 of Sec. 16), and f the asymptotic series (43.8) can 
be differentiated term-by-term in view of Theorem 5 of Sec. 42. 
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Example 1. Consider the Laplace transform of f (x), i.e. 

00 

F (k) = j / ( x ) e~ % * dx. (43.14) 

0 

Let us assume that / ( x ) is piecewise continuous for nonnegative 
x’s, can be differentiated any number of times in a neighborhood of 
point x = 0, and satisfies the estimate 

| / (x) | < Me Cx 
for x ^ 0. Let us show that 

oo 

F(k) ~ 2 / (n) (0)^- n -‘ (43.15) 

71=0 

as A -*■ oo, A, 6 £ 8 * 

In the case at hand, S (x) = — x, so that max S(x) = S ( 0) = 

x^O 

0, and S' (0) 0. But we cannot apply Theorem 1 directly to 

this integral because the domain of integration is unlimited. 

We split the integral F (A) into two: F (A) = F 1 (A) + F 2 (A), 
where F 1 (A) is the integral taken along the segment [0, 1]. Since 
S (x) = —x ^ — 1 for 1, by Lemma 1 we have 

\F 2 (X)\^C\ e-i | (A 6 $.), 

which is exponentially small as A ->■ oo, A 6 S E . Applying Theorem 1 
to F 1 (A), we arrive at (43.15). □ 

Example 2. Let us take the error integral 

0) (*) = -?=- [ e-t'dt 
y n J 
r o 

and establish its asymptotic behavior as x -*■ +oo. Since 

00 

j e~t 2 dt = y I^JT, 

0 

we conclude that 

oo 

0 (*) = 1 F (x), F (x) = [ e~t 1 dt. 

y n J 


Let us now represent F (x) in the form of the Laplace transform 

(43.14). 


26-01641 
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Changing the variable according to t = x% and putting t 2 = 
1 -f w, we obtain 

oo 

F(x) = -ixe-* 2 j e- x * u (l + u)~V*du. 

0 


The integral on the right-hand side has the form (43.14), where 
X = x 2 , and / = (1 -f u)" 1 / 2 , so that /<*) (0) = (—H2) h (2k — 1)11. 
Applying formula (43.15), we find that, as x -> +oo, 


$(*) 


1 




( — 1)* (2A: — 1)!! 

2 hx*h 


(43.16) 


The same formula holds for complex valued x's , | a; | — >- oo, 
| arg x | ^ jx/ 4 — e (0 < e <C jt/ 4). Indeed, if x lies in this sector, 
then X = x 2 lies in the sector S 2e : | arg X | ^ jt/2 — 2e, in which 
formula (43.15) is valid. □ 

43.3 Watson’s lemma The asymptotic ^behavior of many Lap- 
lace integrals can be examined by establishing the asymptotic be- 
havior of the “typical” integral 

a 

0) (A,) = j (t) dt. (43.17) 

0 

Lemma 2 (Watson’s lemma) Suppose a and p are positive and 
let f ( t ) be continuous for 0 ^ t ^ a and infinitely differentiable in 
a neighborhood of point t = 0. Then , as X -> oo, X 6 S e , following 
asymptotic expansion holds : 

CD {%) ~i- 2 JT (n+f5) '“r (-^±i) -M-. (43.18) 

71=0 

This expansion can be differentiated with respect to X any number of 
times. 

Before proving this lemma, we will prove the validity of the 
formula 


= (43.19) 

b 

for Re X positive. Here X~& a is the regular branch in half-plane 
Re X > 0 that is positive for positive values of X. 
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Suppose X is positive. Substituting Xt a = y, we find that the 
integral on the left-hand side of (43.19) is equal to 

JT P/ “ 2- j dy = L A, _f5/t T ( L J . 

0 

This integral is a regular function in the half-plane Re X > 0. 
The right-hand side of (43.19) is analytically continuable from the 
semiaxis (0, -f°°) inf 0 the half-plane Re X > 0. Since both functions 
coincide on the semiaxis (0, -f-oo), by the principle of analytic 
continuation, they coincide in the half-plane Re X > 0. 

/Voo/ o/ Lemma 2 . Let us split the integral O (A,) into two: 

<D (X) = cDi (X) + 0 2 (X), 

where the integral Oj. is taken along the segment [0, 8], with 6 
positive and small. Since — t a ^ — 6 a < 0 for 8 ^ t ^ a, we have, 
according to Lemma 1, the following estimate for ® 2 (X): 

I^WKCI I 

for % 6 S z , | k |^1, and the right-hand side is exponentially small. 
The following expansion is valid on the segment [0, 8]: 

f(t)= 2 fnt n + (0> 

71=0 

where /n = -~p^ and | (t) \^C N t N+i y 0^^6. Whence (X) 

is equal to the following sum: 

d>l W = 2 /n®ln 
71=0 

where we have introduced the notations 

c a 

<D,n W = j t n+ *~ l e-u a dt, R„ (l) = j ^ (t) 

0 0 

Let us write 0 ln (X) in the form of the difference between respective 
integrals along the semiaxes (0, +oo) and ( a , + 0 °). The first inte- 
gral in this difference can be evaluated via (43.19), while the second 
does not exceed, by absolute value, the quantity C | e “ aa * |, since 
t a ^ — a a for a. The final result is 

<t>in (*) = 4- ^" (n+P)/a r ( ) + O (e-°“ x ). 
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Finally, the absolute value of the integrand in R N (X) does not 
exceed C N t N+1 |£“ x * a |, whence 

oo 

I Rn (*) j t N+ *e~**™*dt 

= C' N (Re X) -<~ N + l +M a = O ( | X | -( JV +P+ 1 )/“) 
for X£S e . The final result is, for X^S e , 

<t>W=-| 2 / n r(^±i)^- (n+p)/a +o(|xr » ) 

71=0 

(the sum of all exponentially small terms is included in the remain- 
der term). Hence we have proved the validity of the asymptotic 



expansion (43.18). The possibility of term-by-term differentiation 
of expansion (43.18) can be proved in the same way as in Theorem 1. 

Example 3 . Let us establish the asymptotic behavior, as x -> +oo, 
of the integral 


K o ( x ) = -j J 


e itx 

yT +7 2 


dt. 


The integral K 0 (x) is known as a modified Hankel function , or the 
MacDonald function. 

We cannot apply Watson’s lemma to this integral directly. We 
then deform the integration contour. We cut the complex t plane 
along the ray l == U, -f-ioo). Then the function / ( t ) = (1 -f- 1 2 )-V 2 , 
f (0) > 0, becomes regular in the half-plane Im t > 0 with a cut 
along Z. For x > 0 the integration contour can be deformed into the 
cut along Z. To prove this, let us consider the contour r p>R (Fig. 158). 
It consists of the segment [ — R, R], the arcs Cr of the circle | t | = 
R, the circle C p : | t — i | =p, and the intervals along the 
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banks of the cut. Since \ f (t) | ^ c | t I' 1 as | t | -*■ oo, the integrals 
taken along the arcs of circle | t | = R tend to zero as R ->■ oo, 
according to Jordan’s lemma. Further, for t £ C p we have 

I t 2 + 1 | = | (t — i) (t + i) | == p | 2i + 0 (p) | >p (p 0); 

thus, the integrand has the order of 0(i/y~p) as p-»-0, f 6 C p . 
Whence, the integral along C p tends to zero as p-^0, and the 
integral K 0 (x) is equal to the integral along the banks of the cut. 
Let us show that for x > 1 we have 


/ (ix + 0) 


— i 

]/t 2 — 1 


(this is the value of f (t) on the right bank of the cut). We have 


/(*T + 0) = 


1 

Yt 2 — 1 


£-i(l/2)(<pi-Hp f ) ? 


<Pi = A y arg (t + i), cp 2 = A v arg (t — i). 


Here curve y lies in the upper half-plane and connects points 0 
and in + 0, so that cp 2 == 0 and <p 2 = +n. Similarly, 


Hence, 


/ (it — 0) 


i 

y x 2 — i 


K o (*) = — i j 

l 


/x*-l 


d (it) = j 

l 


e 


-XT 


Y ^ 2 — l 


d% = e~ x 


\ 


e-*t dt 
Yt (t + 2) 


(we have substituted t + 1 for t). We can now apply Watson’s 
lemma to the integral on the right-hand side (with a = 1 and p = 
1/2). Hence, 


K 9 (x) = er*Y 4 -(! + °( t )) (*-»-+«>). □ 


43.4 The maximum of S(x) inside the interval 
Theorem 2 Suppose 

S (x) < S (. x 0 ), x =^= x 0 , a < x 0 < by S" (x 0 ) 0, (43.20) 

and let the junctions f (x) and S (x) be infinitely differentiable in 
a neighborhood of point x 0 . Then , as X ->■ oo, X 6 £ e > the following 
asymptotic expansion is valid : 

oo 

F (X) ~ e xs <*»> S c n X - n - 1 ' 2 . 

n=0 


(43.21) 
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This expansion can be differentiated term-by-term any number of 
times , and the principal term in the expansion is expressed by (43.3) 
or, precisely , 

F (X) = j/ - [f (x 0 ) + 0 (43.22) 

We will need following 

Lemma 3 Suppose S (x) can be differentiated any number of 
times in a neighborhood of point x 0 , and 

S' (x 0 )=0, S"(x 0 )<0. (43.23) 

Then there are neighborhoods U and V of points x = x 0 and y — 0, 
respectively , and a function q) (?/), such that 

5 (<p (y)) - 5 (x 0 ) = -z/ 2 , y 6 F, (43.24) 

the function cp (y) can be differentiated any number of times for y £ F, 

<P'( 0 > = /-s*W> < 43 - 25 > 

^ function x = (p (*/) maps F otz£o £/ m a one-to-one manner . 
Proo/ o/ Lemma 3 Without loss of generality, we can assume that 
x Q = 0 and 5 (,z 0 ) = 0. By Taylor’s formula, 

x l 

S (x) = J (x — t) S" (t)dt = x 2 j (1 - 1) S" (xt) dt= = - x 2 h (x) . 
o o 

If C/ 0 is a small neighborhood of point x = 0, then S" (xt) is negative 
for x 6 U 0 , 0 < * < 1, since S " (0) is negative. For this reason, the 
function 

l 

h(x)= \ (* — 1)5" (xt)dt 
o 

is positive for x ~ C/ 0 and can be differentiated any number of times. 
We put 

xY h (x) = y, (43.26) 

i.e. x 2 h (x) — y 2 or, which is the same, S (x) = — y 2 . Here ]/~fc (x) 
is positive. Since 

^(xVW))\ x = 0 =VW) = )b -^P-¥=o, 

by the inverse function theorem we conclude that Eq. (43.26) has 
a solution x = c p (y), (p (0) =0 with the required properties. The 
proof of Lemma 3 is complete. 
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Proof of Theorem 2. Let x 0 = 0 and S (x 0 ) = 0. We select 
a small neighborhood [ — 6 X , 6 2 ] of point x = 0 and split the integral 
F (A,) into three integrals: 

F (X) = F x (X) + F 2 (X) + F 3 (2 X ] ). 

Here F 1 (X) is the integral taken along the segment [a, — -8J, F 2 (X) 
the integral taken along the segment [—Si, fi 2 ], and F 3 (X) the 
integral taken along the segment [5 2 , 6]. Since S (x) < S (0) for 
x 6 Iy x =£ 0, we conclude that the integrals F 1 (X) and F 3 (A,) 
are exponentially small as X-*oo, X 6 S B , i.e. 

Fj (X) = O (e~^) (c>0), / = 1, 3. 

The proof is the same as in Theorem 1. 

Now let us select and 5 2 in a way such that S (— 6 2 ) = S (Sj). 
We have S (6 X ) = — e 2 , with e positive, since x = 0 is the point 
at which S (x) attains its maximum. We substitute (p (y) for x in 
the integral F 2 (A,), i.e. 

5 (cp (y)) = -y 2 , 

which is justified in view of Lemma 2. Then 

8 

F 2 (X) = j e~ % v'h ( y ) dy, h (y) =/ (q> (y)) cp' (y). 

-8 

Further, 

e 

F 2 (X) = j e~Wg (y) dy, 

0 

where g (y) =h (y) + h {—y). 

Now we need only to apply Watson’s lemma to the integral F 2 (X). 
Here a = 2 and = 1, besides, g (y) is an even function, so that 
g( A > (0) = 0 for all odd values of k. The final result is the expan- 
sion (43.21) for F 2 ( X), where the coefficients c n are given by the 
formula 

n / . 1 \ h(* n )(Q) //Q 

Cjl ~~ r ( n + 2 ) (2 n)\ * (43.27) 

Here we took into account that g< 2n > (0) = 2M 2rC > (0). The coefficient 
c 0 is given by the formula 

*-r (1) h ( 0 ) - r (4) / <*,) <p' ( 0 ) _ 

since T (1/2) = ]fn, and cp' (0) is given by (43.25). 

The proof of Theorem 2 leads to 
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Corollary 1 Suppose max S (x) is attained at the end point 

xtl 

x — a of the segment /, and S' (a) == 0 and S" (a) =^= 0. Then , as 
% -> oo, % £ S e , the following asymptotic expansion is valid : 

oo 

F (X) - e***) 2 <*„Jr< n+ ‘>/ 2 . (43.28) 

n=0 

The principal term in the asymptotic expansion is 

F m [/(«) + 0 (-J75 )] • (43.29) 

Example 4. Consider the gamma function 

oo 

r(z + l)= J t x e- l dt. 

o 

Let us prove Stirling’s formula 

T (x + 1) = x x e~ x Y (l+o(-j)) (# -* + oo). (43.30) 

This integral is not of the (43.1) type, but we will transform it 
into such a type. The integrand t x e~ l attains the maximal value on 
the semiaxis t >0 at point t 0 (x) =x , which tends to infinity as 
x ->■ +oo. To restrict its variation, we substitute xt' for t. Then 

00 

r (x) = x x+i j e *' nt -»di. 

0 

This integral has the form (43.1): X -> x, S = In t — t> and / (t) = 
1. The point of maximum is t 0 = 1, with S (t 0 ) = — 1 and 
S" (*o) = ~1. 

To apply Theorem 2, we partition the region of integration into 
three parts: (0, 1/2), (1/2, 3/2), and (3/2, oo). The integrals taken 
over the first and third parts are exponentially small compared 
with e~ x = e xS ( f o> , according to Lemma 1. The asymptotic behavior 
of the integral taken along the segment [1/2, 3/2] is determined 
from (43.22), and we arrive at (43.30). 

Formula (43.30) yields Stirling’s formula for factorial n\: 

n\ ~ n n e“ n j/*2jm (n~*»-\- oo). 

The asymptotic formula (43.30) is also valid for complex values 
of z , with z oo, z 6 S Z1 where S z is the sector | arg z | ^ n — e 
(see Evgrafov [2]). Here e is fixed and 0 < e < jt. There is also 
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a more exact asymptotic expansion for the logarithm of the gamma* 
function (see Fedoryuk [ 1 ] ) : 

oo 

lnr( 2 )~(z-±) lns-z + iln (2n)+ 2 

n— 1 

(z (: S E9 z — > oo), 

where the B n are the Bernoulli number (see Example 4 in Sec. 12).. 
For the remainder term in (43.30) the following estimate has been* 
found: 

| O (1/x) | < 1/12*. □ 

Example 5. Let us establish the asymptotic behavior of the sum* 

F(n)= 2 ( l ) k - n ~ h 

h=0 

as n -> oo. Let us transform this sum into an integral. Using the' 

oo 

identity | e~ nx x h dx, we obtain 


whence 


F (n) — n e~ nx (1 + x) n dx. 


oo 

F (n)=n j e nS W dx , 


where S (x) = — x + In (1 + *). The function S (x) attains its* 
maximum on the semiaxis * > 0 only at point * = 0, with S (0) = 
0 and S" (0) = — 1. Applying Corollary 1 of Theorem 2, we* 
find that 

F(n) = ]/^(i + 0(-^)) (n-oo). □ 


44 The Method of Stationary Phase 

44.1 Statement of the problem Let us take the integral 

b 

F(k)=jf (x) dx. (44. 1>< 

a 

Here I = [ a , b] is a finite segment, the function S (*) admits only 
real values, and k is a large positive parameter. Integrals of the? 
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type (44.1) are known as Fourier integrals , and S (x) is known as the 
phase , or phase function. We are interested in the asymptotic behav- 
ior of F (k) as k +oo. We will not consider the trivial cases 

with / (x) = 0 or S (x) = const. 

A particular case of Fourier integrals is the Fourier transform 

b 

F (k) = j / (x) e iXx dx. (44.2) 

a 

Let the function f {x) be continuous for a ^ x ^ b. Then F (k) 
tends to zero as k -> -j-oo. Indeed, for large Vs the function 
Re (/ (x) e^ x ) rapidly oscillates, and two neighboring half-waves 
have areas that are approximately equal in absolute value but are 
opposite in sign. For this reason the sum of these areas constitute 

a small quantity, in view of which the entire integral 

b 

j Re (/ (x) e ilx ) dx 

m 

is small, too. 

The following proposition provides the most general result con- 
cerning the asymptotic behavior of integrals of type (43.2): 

The Riemann-Lebesgue lemma (see Nikol’skii [1]) Suppose the 

b 

integral ^ | f (x) | dx has a finite value. Then 


b 

j f(x)e i} ^ x dx^ 0 (X-^+oo). 

a 

The Riemann-Lebesgue lemma says nothing of the rate with 
which the integral F (k) tends to zero. The fact is that this rate 
depends essentially on the properties of the derivatives of / (x) and 
can be very small. It was found that asymptotic expansions for 
Fourier integrals can be found only when / (x) and S {x) are smooth 
functions. We will consider only the case where both functions can 
be differentiated any number of times on I. 

Theorem 1 Suppose the functions f (x) and S (x) are infinitely 
differentiable and S' (x) ^ 0 for x 6 I- Then , as k -*■ +oo, the inte- 
gral (44.1) possesses the following asymptotic expansion: 


F(k)~±- ^ b n (iX)~ n - -i- ««"*») 2 a n ( iX)~ n . (44.3) 

71=0 71=0 
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This expansion can be differentiated with respect to X any number of 
times . The principal term in the asymptotic expansion has the form 

F « = imw ‘ am + 0 <*-*>• («- 4 > 


The coefficients a n and b n are calculated by the following formulas: 


a n = ( — l) n M n 



I » 

\x=-a 


b n = (-l) n M n 



M = 


1 d 
S' (x) dx • 


(44.5) 


Note that the formulas for the a n coincide with those for the c n , 
(44.9). 

Proof of Theorem 1 We integrate (44.1) by parts in the same way 
as we did in the proof of Theorem 1 of Sec. 43: 




L (f) rf (gikS(x)) _ _L giXS(3 c) t (f} 6 
S' (X) a[€ > ~ ik 6 S' (X) a 


+ W F,m ’ 




By the Riemann-Lebesgue lemma, F 1 (X) =o (1) (X -*■ +°°)» and 
we have thus proved the validity of (44.4) with the remainder term 
of the order of o ( i/X ). The integral F x (A,) has exactly the same form 
as F (X); integration by parts once more yields 

Here f x (x) = — (/ (^)/6" (a:))', and F 2 is obtained from F ± by substi- 
tuting / x for /. Since F 2 (X) = o (1) (X — +oo) in view of the Rie- 
mann-Lebesgue lemma, we conclude that F x (A,) = 0 (A, -1 ), which 
proves the validity of (44.4) completely. We have also proved that 




where the coefficients and bj have the form (44.5). Continuing 
the process of integration by parts, we arrive at the expansion (44.3). 

Since the integral F (?i) has a finite value for all complex valued 
A/s, we conclude that F (X) is an entire function of X (see Theorem 1 
of Sec. 16). The possibility of term-by-term differentiation of (44.3) 
follows from Theorem 5 of Sec. 42. 

The proof of Theorem 1 leads to 
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Corollary 1 Suppose f ( x ) and S (x) can be differentiated k and 
k -f- 1 times , respectively {with k a positive integer) on the segment 
la, b]. Then, as + oo, 


fc-l A-l 

F (l) ± e*Wb) 2 b n ( il)- n - « US(a) s “n (i*)- n + o (l- h ). (44.6) 

n=0 n—0 

A particular case of this corollary is the asymptotic estimate for 
Fourier coefficients, which is known from mathematical analysis. 

Corollary 2 Suppose the function f (x) is k times continuously 
differentiable on the segment [0, 2ji] and 

fO) (0) = p) (2jt). 0 < ; < k. 144.7) 

Then 

2n 

C m = f e imx f (x) dx = o (m~ h ) (44.8) 

0 


as m -»■ +oo. 

Indeed, since = 1 when rci is an integer and condition (44.7) 
is met, all terms in (44.6) except the remainder term cancel out. 

Integration by parts enables us to find the asymptotic behavior 
of some other classes of integrals of rapidly oscillating functions. 
Example 1 . Let us consider the integral 

oo 

®(*)= J e u ‘ dt 
lx 

and establish its asymptotic behavior as x -*• +oo. Integration by 
parts yields 


° (X > = I 2ir d(ei ' 8) = 



X 


Let us estimate the value of the integral on the right-hand side. 
We have 


oo oo 



X x 


We have therefore found that 

e ix 2 / 1 \ 

®W=-5T + °(t) 
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as x +oo. Both terms on the right-hand side are of the same order 
of magnitude. Hence, 

<D(x) = 0(-i) (z-^ + oo). 

To obtain a more precise estimate, we integrate by parts once more: 

oo oo oo 

( = y ( t - + l { tr*e" l dt. 

XX X 

The absolute value of the integral on the right-hand side does not 
exceed 

oo 

j £ -4 dt = 0 (x~ 3 ) (x-*-\- oo). 

X 

This yields 

<W*>-=-^+0(4r) <*-+»>. 

Continuing the process of integration by parts, we arrive at the 
asymptotic expansion for O (x) as x — >• +oo. We give this expansion 
with the first two terms: 

44.2 The contribution from a nondegenerate stationary point 
The hypothesis of Theorem 1 contains one important restriction, 
namely, S' (x) ^ 0 for x £ I, i.e. S (x) (the phase) does not have 
a stationary point within the interval. But if such stationary points 
exist, then the asymptotic behavior of F (?i) has a different nature 
than that stated in Theorem 1. The phase S (x) — x 2 has a stationary 
point x = 0. In the neighborhood of this point (over an interval of 
the order of if]/" X) the function cos Xx 2 does not oscillate, while the 
sum of the areas of the other waves in the cosine are of the order of 
O (A, -1 ), i.e. is considerably less than the area about the stationary 
point. For this reason the value of the integral F (X) will be of the 
order of 1/V~X. Let us give a rigorous foundation to these heuristic 
considerations. 

Lemma 1 Suppose a function f (x) is infinitely differentiable on 
the segment [0, a] and a =^= 0. Then , as X — +oo, 

a 

O (X) = j / (z) dx = 1 ]/ *««/*)« <«)/ (0) + O ( y ) , 

0 

(44.9) 


6 (a) = sign a. 
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Proof . Let a >0 and / (x) = 1. Introducing the variable t = 
a: Y we have 


f 

J 

0 


e (i/2)ccKx 2 — . 


a /aX 

j e ii2 /2 
o 


1 

Y aX 


[je«V2 

0 a 


The first integral in the brackets is a Fresnel integral and is equal 
to (1/2) e ijt / 4 Y 2tc (see Sec. 29). The other is an integral whose value 
is of the order of 0 (lfY k) as X ->• + oo, in view of Example 1, so 
that 

a 

\ e(i/2m**dx = ±y^J£ e i”liO(j) (X-> + oo). (44.10) 
0 

Now suppose a is negative. Then 

a a 

j e iax! dx = j dx, 

o o 

with p == —a >0. Hence, formula (44.10) remains valid for a < 0 
if we substitute — a = | a | for a and e _i "/ 4 for e in / 4 . 

Let us represent / (x) in the form 

f(x) = / (0) + [/ (x) — / (0)] = / (0) + xg (x), 

where g (x) = — is a function that is infinitely differentiable 

for O^x^a. Then 

® W = I > (0) V T^r ' * ' - + 0 (4 ) + ®* w. <«■ U) 

a i 

O, M = j e 2 X S ( x ) dx. 
o 


Letj^us estimate O t (k). We have 

a 

I 1 = 14: 

0 

a 

g (a) e («/2)a>.a' (0) — j e (i/2)aJ,xy 

0 


1 

” la I *■ 


<T^rrx[u ( « ) i + u (0)| + J i^'(*)i*s]=o(4) 
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as X ->■ — f~ oo . Substituting this estimate into (44.11), we arrive at 
(44.9). The proof of the lemma is complete. 

Remark 1 . The proof of Lemma 1 implies that (44.9) is valid 
if f {x) is doubly differentiable on [0, a \ . 

Theorem 2 Suppose f (x) and S (x) are infinitely differentiable on 
the segment [ a , b ] and the function S (x) has only one stationary point 
x 0 6 [#> b ], with a < x 0 < b. If S" (x 0 ) =^= 0, then the integral (44.1) 
possesses the following formula : 


F (X) = e i>.Si*») e w/m> j/ M jr (Jo) i f(x 0 ) + O (-J-) (* -^+00). 

(44.12) 

ifere 6 0 = sign 5" (x 0 ). 

Proof . Let us split the integration domain into two segments, 
[a, £ 0 ] and [z 0 , b]> and the integral F (>.) into two integrals, F 1 (A,) 
and F 2 (Jt), respectively. Suppose S" ( x 0 ) is positive, for the sake of 
definiteness. Then S' (x 0 ) is positive for x 0 <C x ^ b, and the func- 
tion S (x) monotonically increases for x 0 <C x ^ 6, i.e. S (x) ;> 
S (x 0 ) in this interval. In the integral F 2 (k) (taken along the 
segment [x 01 6]) we introduce a new variable t by the relationship* 
x = (p (£) in a way such that S (x) — S ( x 0 ) = t 2 (see Sec. 43). 
Then 


b ' 

F 2 (^) = e ikS ( x °> j e iU *g(t)dt. 
o 

Here 

*(*) = /(<P(*))<P'(*). &' = yS(&)-S(*o)>0. 

By Lemma 1, we have 

F z (%)~ LeW*.) e W j/-£-g(0) + C>(-i-) 

as k +oo, with g (0) = / (. x 0 )}/~ • A similar formula exists 

for F x (k). Combining the two, we arrive at (44.12). The case with' 
S" ( x 0 ) < 0 can be reduced to the case with S * (x 0 ) >0: 

t 

JJk) = j e ^^Tix) dx, S(x)=- S (x ) , 

« 

and S { ( x 0 ) > 0. The proof of the theorem is complete. 
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Example 2. Let us calculate the asymptotic behavior of the Bessel 
"function 


2 n 

J n (x)=-~ j gi(xsin <p-nq>) d(p 
0 


as x -> + °°, with /i a nonnegative integer. In the case at hand the 
phase S (cp) = sin cp, and there are two stationary points, (p x = jt/2 
and (p 2 = 3 jt/ 2, with 

5 (( Pl ) = 1, 5" (<p a ) = -1, 5 (cp 2 ) = -1, (q> 8 ) = 1. 

The asymptotic behavior of J n (x) is given by the sum of the contri- 
butions from the points (p 2 and cp 2 (i.e. expressions of the type (44.12)) 
and a term of the order of 0 (I/#), i.e. 


•M*) = j/-^cos (*— T-- t) + 0 (t) + + □ 


44.3 Poisson’s summation formula This formula enables us to 

oo 

replace a series of the form 2 / ( n ) with another series, namely 

n=—oo 


2 /(«)= 2 j e~ 2nihx f(x)dx. (44.13) 

n=-oo ft = — oo — oo 

'This formula is valid if 

(a) / (x) is continuously differentiable for — oo <x< oo, 

oo 

(b) the series 2 / (n) is convergent, 

11= - oo 
oo 

(c) the series 2 f'(n + x ) is uniformly convergent for 0^ 

n— - oo 

X^C 1 . 

The proof of the validity of (44.13) under these or other conditions 
is given in Evgrafov r2]. We will restrict our discussion to a formal 

oo 

derivation of (44.13). Consider the function cp (x) = 2 f (n + x). 

71-=— OO 

This function is periodic with a period equal to unity. Let us expand 
*tp (x) in a Fourier series: 

oo 

<p(x)= 2 <p k e 2nikx , 

h= — oo 

whence 

2 = 2 /(»). 

k = ~ 0 O 71— — oo 


(44.14) 



The Method of Stationary Phase 417 


Let us show that formula (44.14) leads to Poisson’s summation 
formula. We have 

1 1 oo 

<p ft = j e~ 2nihx <$ (x) dx = j 2 / (« + x ) e~ 2nikx dx 

0 0 n— oo 

oo n+1 oo 

— 2 j / (x) e~ 2nihx dx = j e~ 2nihx f (x) dx , 

n - s — oo n — oo 

and, substituting the <p ft into (44.14), we arrive at (44.13). 

Formula (44.13) proves to be convenient when the integrals 

oo 

<p n = j e~ 2ninx f (x) dx 


decrease as«->-oo faster than / ( n ) (i.e. when the Fourier transform 
of f(x) decreases as \x | -*■ oo faster than / (x)). For one, this is the 
case for a rapidly oscillating / (x). 

Example 3 . Let us consider the series 


oo 

F(t)= 2 

71= -OO 


(-l) n 

l/re 2 + < 2 


and establish the asymptotic behavior of F (t) as t -*■ ±oo. Here 


f (x, 


t) = 


e inx 

l/* 2 + < 2 


We apply Poisson’s summation formula. Conditions (a) and (b) 
are met. Let us see whether condition (c) is (for a fixed t > 0). 
We have 

/' (x, t) = nie inx (x 2 -f- £ 2 ) _1/2 — xe inx (x 2 -f- 1 2 ) “ 3/2 . 

Consider the series 

S’, = 2 (-l) ft a h , a h = [(x + k) 2 + t 2 ]- 1 ' 2 . 

Since the functions a h (x) decrease monotonically in k for each fixed 

oo 

x 6 [0, £]* and the partial sums of the series 2 ( — 1 ) h are limited, 

h=i 

we conclude, from Dirichlet’s test (see Kudryavtsev [1]), that the 
series S 1 is uniformly convergent on [0, 1]. The uniform convergence 
of the series 

s 2 = 2 (-i) ft (^+*)[(^+*) 2 +« 2 r 3/2 

fe=l 


27-01641 
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for x 6 [0, 1] can be proved similarly. The same is true for the 
series S 1 and S 2 when the summation is carried out from — oo to — 1. 
Hence, conditions (a), (b), and (c) are met. Applying (44.13), we 
find that 

OO oo 

F(t)= 2 <Pft(0= j e- 2nikx + 1 ' i *(x* + t 2 y l,2 dx. 

k= — oo — oo 

Substituting ty for x y we obtain 

oo 

<p h (t) = j e-i<n(2A-l)i/( y 2j_l)-l/2 dy, 

— OO 

so that <p ft ( t ) = 2 K 0 ((2k — 1) nt) (see Example 3 in Sec. 43). 
In Example 3 in Sec. 43 it was shown that K 0 (b) is an even function 
and that 

K 0 {b)=\f -^e- b l\ + 0(b~'\ (6 -*- + »). 

Hence, for \b\^l we have 

\K 0 (b)\^Ce~M, 

where C does not depend on fr, and 
l^(0-q>oW-q>iWI<4C 2 \K 0 ((2k-i) n t) 

h = 2 

oo 

<4 C 2 Ce- 3 **. 

ft - 2 

We finally obtain 

F(t) = 2<p 0 (t)+O(e-**‘) = 2\/ [1 + 0 (*-*)] («-»-+ oo). □ 

45 The Saddle-Point Method 

45.1 Preliminary considerations Let us take the integral 

F(X)= J f(z)e*todz, (45.1) 

V 

where 7 is a piecewise smooth curve in the complex z plane, and 
the functions / (z) and S (z) are regular in a domain D that contains y. 
We are interested in the asymptotic behavior of F (k) as X -*■ + 00 . 
The trivial cases / (z) = 0 or S (z) = const are of no interest to us. 

In Sec. 43 it was found that if y is a segment and S (z) admits 
real values on y, the asymptotic behavior of (45.1) can be established 



The Saddle-Point Method 419 

by applying Laplace’s method. We will try to transform the integral 
in (45.1) in such a way as to make it possible to apply Laplace’s 
method. Since / (z) and S ( z ) are regular in D, we can deform y in D 
(with the end points remaining fixed) without changing the value 

/v 

of F (X). Suppose we can deform y into a contour y such that 

(1) max | | is attained only at one point z 0 £ y (z 0 an 

z£v 

interior point of the contour), 

(2) Im S (z) = const for z 6 y in a neighborhood of point z Q . 
Suppose Y 0 is a small arc of y that contains point z 0 . Then Re S (z)^ 

Re S (. z 0 ) — 6, where 6 >*0, for z g Yo> z € Y- This follows from 
the fact that max Re S (z) is attained only at point z 0 , according 
z£Y 

to condition (1). For this reason the integral taken along the arc y — 
Y 0 is of the order of O (| eMS(zo)-O) |) ' as X +oo (see Lemma 1 

of Sec. 43). Let us consider the integral taken along the arc y 0 \ 
suppose z = cp (t)j with — 1 0 ^ t ^ t 0 and <p (0) = z 0 , is the equa- 
tion of this arc. By condition (2), Im S (z) = Im S (z 0 ) on Yo> S( > 
that the integral taken along this arc is 

t° 

p t (X) = ;e a -* mB U> j J(t) e w»dt, 

“ U 

where f (t) = f (cp (t)) cp' ( t ) and S ( t ) = Re S (cp (t)). In F x (X) the 

function S (t) assumes only real values; hence, F 1 (X) belongs to the 
class of integrals discussed in Sec. 43 and its asymptotic behavior 
can be established by Laplace’s method. 

Note, in addition, that S' (z 0 ) = 0. Indeed, -^-Im S (z) | /==0 = 0, 

dt 

by condition (2), and since max Re S (z) is attained at point z 0 

zGv 

(condition (1), we conclude that — Re S (z) | (=0 = 0. Hence, 

■jf S (z) | /=0 = 0, so that S' (z 0 ) = 0. 

A point z 0 at which S’ (z 0 ) = 0 is said to be a saddle point, and 
a contour that obeys conditions (1) and (2) must pass through the 
saddle point of S ( z ). 

In a similar manner we can establish the asymptotic behavior 
of the integral (45.1) when max Re S (z) is attained only at one 

zGV 

end point of y. In this case the point, z 0 . may not be a saddle point. 
Thus, if the function Re S (z) on contour y attains its maximum 


27 * 
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only at a finite number of points, which are either saddle points 
or end points of the contour (we call such a contour a saddle contour ), 
then the asymptotic behavior of integral (45.1) can be established 
by Laplace’s method. The most difficult problem in applying the 

saddle-point method is finding a saddle contour y equivalent to the 

initial contour y (the equivalence of y and y means that the integrals 
of type (45.1) are equal along these contours). Many problems have 
been solved by the saddle-point method (e.g. see Evgrafov [2], 
Fedoryuk [1], Lavrent’ev and Shabat [1], Morse and Feshbach [1], 
and Whittaker and Watson [1]), but there is not a single general 
technique that would enable us to find an equivalent saddle con- 
tour y from given functions f (z) and S (z) and a given contour y. 

We will now give a rigorous derivation of the asymptotic formulas 
for integral (45.1) taken along a saddle contour. But first we will 
study the local structure of the curves along which Re S ( z ) or 
Im S (z) remain constant (the level curves). 

45.2 The structure of level curves of harmonic functions Sup- 
pose S (z) is regular in a neighborhood of point z 0 . Let us study the 
level curves of Re S (z) = Re S ( z 0 ) + e and Im S (z) = Im S (z 0 ) + 
e for small e’s in a neighborhood of point z 0 . 

Lemma 1 Suppose S' ( z 0 ) is not zero . Then in a small neighborhood 
of point z 0 the level curves Re S (z) = const and Im S (z) = const 
are smooth curves . 

Proof . The function S (z) is univalent at point z 0 , since S' (z 0 ) 0. 

For this reason the function w = S (z) maps a small neighborhood U 
of point z 0 conformally and in a one-to-one manner onto a small 
neighborhood V of point w 0 = S (z 0 ). We select U in a way such 
that V is the square | u — u 0 | <C 6, | | <C 6, where w = 

u + iv and w 0 = u 0 + Under such a mapping the level 
curves of the functions Re S ( z ) and Im S (z) lying in U are mapped 
into segments of straight lines u = const and v = const lying in V. 
These segments are, obviously, smooth curves (lines), and their 
preimages are smooth curves, too, since z = S" 1 (w), which is the 
inverse of S (z), is regular at point w 0 (see Theorem 1 of Sec. 13). 
The proof of the lemma is complete* 

r^We have thus established that the local structure of the level 
curves of Re S (z) and Im S (z) in a neighborhood of a point that 
is not a saddle point is exactly the same as that of the function 
S (z) = z (Fig. 159). 

Now let us study the structure of the level curves of Re S (z) 
and Im S (z) in a neighborhood of a saddle point. But first let us 
.consider a simple case. 

Example 1. Let us study the level curves of the real and imaginary 
parts of the function S (z) = — z 2 . Point z = 0 is a saddle point. 
Assuming that z = x + iy and S = u + iv , we find that u = 
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y 2 — x 2 and v = — 2 xy. The family of level curves has the form 
x 2 — y 2 = C 19 2 xy = C 2 , 

where C 1 and C 2 are constants. If both C x and C 2 are not zeros, each 
of the curves Re S = C x and Im 5 = C 2 is a hyperbola, while the 
curve u = 0 consists of the two straight lines x — y = 0 and x + 
y = 0 and the curve v = 0 of the two straight lines x = 0 and 
y = 0 (Fig. 160). The level curves Re S ( z ) = Re S (0) (i.e. the 
straight lines x - 1 y =0) divide the complex z plane into four 
sectors, with the signs of Re ( S ( z ) — S (0)) in two neighboring 
sectors being different (Fig. 160). Suppose D 0 is the sector | arg z | < 
jt/4 and D 1 is the sector j arg ( — z) | < n! 4; in these sectors 
Re (— z 2 ) < 0. The level curve that passes through the saddle poin 
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z = 0 is Im S (z) = Im S (0), which is the straight line l: y = 0. 
Along this line we have Re S ( z ) = — x 2 , i.e. the function Re S (z) 
decreases strictly monotonically as point z moves along l away from 
the saddle point z = 0. Line (in general a curve) l is known as the 
path of steepest descent . □ 

Take a three-dimensional space with coordinates x, y, and Re S 
and the surface Re S = Re (— z 2 ), i.e. Re S = y 2 — x 2 . This sur- 
face is a hyperbolic paraboloid (Fig. 161), and the origin of coordi- 
nates is the saddle point. A mountain pass or a saddle resemble such 
a surface; hence the names “saddle-point method” and “saddle 
point”. The path of steepest descent from the saddle point is pro- 
jected onto the ( x , y) plane into Z. 

Let us now show that if z 0 is a simple saddle point for S (z), i.e. 
if S" (z 0 ) =t^= 0, then in a neighborhood of this point the level curves 
of Re S (z) and Im S (z) have the same structure as those in the case 
of S (z) = — z 2 . 

Lemma 2 Suppose point z 0 is a simple saddle point of S (z), i.e . 
S' (z 0 ) = 0 and S" (z 0 ) =^= 0. Then in a small neighborhood U the 
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level curve Re S (z) = Re S ( z 0 ) consists of two smooth curves l x and 
l 2 that are orthogonal to each other at point z 0 and divide U into four 
sectors. In neighboring sectors the signs of Re ( S (z) — S (z 0 )) are 
different. This situation is depicted in Fig. 162. 

Proof. Suppose U is a small neighborhood of point z 0 . Then there 
is a function cp (£) that is regular in a neighborhood V of point 
£ = 0 and such that 

5 (<p (£)) = 5 (z 0 ) - £ 2 , £ € V (45.2) 

(see Corollary 2 in Sec. 32). Moreover, <p' (0) =^= 0, and the function 
z = <p (£) maps V onto U in a one-to-one manner. The level curves 
of Re S (z) and Im S ( z ) are mapped by £ = cp*" 1 (z) into the curves 
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Re £ 2 = const and Im £ 2 = const, whose structure was studied 
earlier. Returning to the variable z , we complete the proof of the 
lemma. 

Corollary 1 Through the sectors in which Re S (z) < Re S (z 0 ) there 
passes a smooth curve l such that Im S (z) = Im S (z Q ) for z £ l. 
The function Re S (z) decreases strictly monotonically as z moves 
along l away from z 0 . 

The curve l is the path of steepest descent (Fig. 162; the dashed 
line). 

45.3 The contribution from an end point of the integration path 

In what follows we will always assume that y is a finite curve and 
that the functions / (z) and S (z) are regular in a domain D con- 
taining y. 

Theorem 1 Suppose max Re S (z) is attained only at the initial 

z6v 

point a of y and S' (a) =/= 0. Then , ash — >■ +oo, the following asymp- 
totic expansion is valid: 

oo 

F(X) = ^f (z) e>- s M dz ~ 2 c n^~ n - 

y n=0 


(45.3) 
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This expansion can be differentiated with respect to X term-by-term any 
number of times. The principal term of the asymptotic expansion has 
the form 

, « = =^‘* , |>> + 0 (t)]- < 45 ' 4 > 

The expansion coefficients in (45.3) are given by the formula 

c „ = < - 1 >" M ' ( L. ’ < 45 - 5 > 

Note that for Laplace integrals (45.3)-(45.5) coincide with formu- 
las (43.8) and (43.9). The proof is similar to the proof of Theorem 1 
of Sec. 43. 

45.4 The contribution from a simple saddle point Let us estab- 
lish the asymptotic behavior of (45.1) in the case where 
max Re S (z) is attained at an interior point of the integration 
zGv 

path. Precisely, let the following conditions be met: 

(a) max Re S (z) is attained only at a point z Q that is an inte- 

zGv 

rior point of y and a simple saddle point (i.e. S' (z 0 ) = 0 and 

(* 0 ) ¥= 0), 

(b) in a neighborhood of point z 0 the contour y passes through 
both sectors in which Re S (z) < Re S (z Q ) (Fig. 162). 

Theorem 2 Suppose conditions (a) and (b) are met . Then , as 
X -> +oo, the following asymptotic expansion is valid: 

oo 

F(l)=( / (z) dz ~ e*SK*.> 2 c n %- n ~ l/2 . (45.6) 

£ n=o 

This expansion can be differentiated with respect to X term-by-term 
any number of times . The principal term in the asymptotic expansion 
has the form 

r « - / ■ - irsrf [/(*.) + ■ 0 x ] • + <«•') 

The choice of the branch of the root in (45.7) and the formula for 
the expansion coefficients in (45.6) are given below. 

Proof of Theorem 2. Suppose U is a small neighborhood of point 
z 0 , y 0 = y f) U, and y ± and y 2 are the remaining arcs of y. Let us 
split the integral F (X) into three terms: F (X) = F 0 (A,) + F x (X) + 
F 2 (^), where Fj (X) is an integral of the type (45.1) taken along 
arc Yj, j =0, 1, 2. Since max Re S (z) is attained only at point 
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z 0 € Yo* we can show, just as we did in the proof of Theorem 2 of 
Sec. 43, that the following estimate holds for F x (X) and F 2 (X): 

\Fj(X)\^c\ «W<*)-«) | ( x > 0), j = 1, 2, (45.8) 

where c and 6 are positive constants. 

Let us find the asymptotic expansion for F 0 (X). If U is small, 
then there is a neighborhood V of point £ = 0 and a function z = 
<p (£) such that (i) S (cp (£)) = S (z 0 ) — £ 2 , £ 6 V, and (ii) the 
function cp (£) is regular in V and maps V onto U in a one-to-one 
manner, with (p (0) = z 0 . 

This follows from Corollary 2 in Sec. 32. Substituting (p (£) for z 
in F 0 (X), we obtain 

F 0 (X) = J e~W g (£) d£. (45.9) 

V 

Here g (£) = / (cp ( £)) (p' (£), and y is the image of contour Yo- 
For V we can take the circle | £ | < p of a small radius p > 0; 
we can also assume that <p (£) is regular in the closed circle | £ | ^ p. 

The level curve Re ( — £ 2 ) =0 consists of two straight lines 
£ zt r] =0 (£ = £ + it]) and divides V into four sectors. Suppose 
D x is the sector containing the interval l x : (0, p) and D 2 is the 
sector containing the interval l 2 : (— p, 0). Curve Yo* by hypothesis, 
consists of two curves y 01 and Y 02 (with a common point z 0 ); these 
curves lie in the different sectors in which Re S (z) <C Re S (z 0 ). 

Hence, point £ = 0 partitions curve y into two curves y x and y* 
that lie in sectors D x and D 2 , respectively. Suppose C x is the arc of 
circle | £ | = p that lies in D x and connects the end points of the 

curves l x and Yi* By Cauchy’s theorem, 

p 

e-Wg&)dt=\e-Wg&) + 


Since Re (— £ 2 ) < 0 on C 1% there is a positive constant such that 

Re ( — £ 2 ) ^ —S x on C x , and the integral taken along Yi is equal 
to the sum of the integral taken along the segment [0, p] and a term 
of the order of O (e~ K6 i) (X + 00 ). Applying the same line of rea- 
soning to the integral taken along the arc Y 2 > we find that 

p 

e-^F 0 (l)= ( e-Wg{l)dt + 0{e-™') (*-^ + <x>), (45.11) 

-P 


j e->Vg (£) d£. (45.10) 

Ct 
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where 6' is a positive constant. On the right-hand side of (45.11)- 
we have an integral taken along a segment, i.e. a Laplace integral, 
(43.1), with S = — £ 2 . Further max S (£) is attained only at 

l 

point £ = 0, with S " (0) =£ 0. Applying Theorem of Sec. 43, we 
arrive at expansion (45.6). The proof of the theorem is complete. 

Let us select a branch of the root in (45.7) (the choice depends,, 
of course, on the orientation of y). In proving Theorem 2 it was 
found that y can be deformed into a contour y' which in a neighbor- 
hood of the saddle point z 0 coincides with the path of steepest de- 
scent l : Im S (z) = ImJiS (z 0 ) on l and Re S (z) < Re S ( z 0 ) for 
z 6 Z, z z Q . Let us show that 

ar gj/ — »(«„) =< Po. (45.12) 

where (p 0 is the angle between the tangent to l at point z 0 and the 
positive direction of the real axis. 

It is sufficient to consider the case with f (z) =1 and S (z) = 
az 2 l 2, since the principal term in the asymptotic expansion is 
expressed only in terms of / (z), S (z), and S " (z) at the saddle point. 
The path of steepest descent Z, which passes through the saddle 
point z = 0, is the straight line (see Sec. 45.2) on which Im S (z) = 0 
and while Re S (z) is negative for z 0. We write its equation 
in the form z = e i<f>0 p, — oo < p < oo. Then S (z) = — | a | p 2 /2: 
for z 6 Z. The integral along l is equal to 

oo 

j e \ai*/2 dz = eifo j e -Wa|pV2rfp = e l<p. -y/ Jjy , 

l -OO 

which proves formula (45.12). 

The proof of Theorem 2 leads to 

Theorem 3 Suppose max Re S (z) is attained only at the initial 

z6v 

point a of contour y, with S' (a) = 0 and S" (a) =^= 0. Then , as % 

+ oo, the following asymptotic expansion is valid : 

oo n+1 

F (k) M J / (z) dz ~ 2 2 . (45.13)- 

V n— 0 

This expansion can be differentiated with respect to % term-by-term 
any number of times . The principal term in the asymptotic expansion 
has the form 

^) = T j/ ~Tp{a) eXS<0) [ f W + 0 ^"‘)J (>.— + »)• (45.14) 

The choice of the branch of the root in (45.14) is the same as in (45.10).. 
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Corollary 2 Suppose max Re S (z) is attained at a finite num- 

her of points z l9 z 2 , . . z m , which are either the end points of the 
path of integration or saddle points on the contour that obey condition 
{b) of Theorem 2. Then the asymptotic behavior of (45.1) as % + oo 

is determined by the sum of the contributions from all points z l9 z 2 , ... 

• •» ^m m 

Remark 1 . If all the points Zj at which S' (zj) = 0 are simple saddle 
points, the asymptotic behavior of (45.1) is determined by formu- 
las (45.3), (45.6) and (45.13), with the principal term in the asymptot- 
ic expansion determined by formulas (45.4), (45.7) and (45.14). 
The asymptotic behavior can also be determined when there are 
saddle points of multiplicity greater than unity among the Zj (e.g. see 
Evgrafov [2], Fedoryuk [1], and Lavrent’ev and Shabat [1]). 

45.5 Examples 

Example 2. Let us establish the asymptotic behavior of the Airy- 
Fock function 


Ai (x) = -i- j cos (- 3 -+ te) dt 

0 

as x- +oo 0 We first transform this integral into 

1 ? «(4+i*) 

Ai (^ = 2 F ) 6 ~ dt (45.15) 

— 00 

(the function sin (Z 3 / 3 + tx) is odd in t and the integral of this 
function taken along the real axis is zero). The integral in (45.15) 
is conditionally convergent; we will transform it so as to make it 
absolutely convergent. 

Let us take the straight line Z nt) : — 00 < £ < 00 , r\ = r\ 0 in 
the complex £ = g -f- ir) plane, which line is parallel to the real 
axis. On this line 

Re S x )=- ^ ~ (45. 16) 

where S (£, x ) = i (£ 3 /3 + xC). Hence, ^ c®(C»*) dt, is absolutely 

'n. 

convergent if r\ 0 > 0. It was found that the integral (45.15) is equal 
to the integral taken along the straight line Z Tlo for any positive 
Tlo, i.e. 

Ai (*)=JL j e sc, X) d i 

l r). 


(45.17) 
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For every fixed x > 0 the function S (£, x) has two saddle points, 
Ci (x) = i x and t 2 (x) = — i J/^. For Zn 0 we select the straight 
line that passes through the saddle point Zi (%), i.e. we put r] 0 = x. 

We substitute £ V x for \ in the integral in (45.17), so as to bring 
it to the (45.1) type. Then 

Ai (*) = J sf j ex3/2?a >^- 5(i) = i[ii±i)l + l + i]. (45.18) 

— oo 

The path of integration contains the saddle point £ = 0 of S (£). 
Further, for real £’s we have 

Re S (I) = — f 2 — , (45.19) 

so that max Re S (£) is attained in the integration path only at 

(V ^ 

the saddle point | = 0. This is a simple saddle point since S" (0) = 

— 2 =7^= 0. 

Thus, the integral in (45.18) meets all the conditions of Theorem 2 
except one, namely, the path of integration is an infinite straight 
line. Let us partition this straight line into three parts: the rays 
( — oo, — 1) and (1, oo) and the segment [ — 1, 1]. In view of (45.19) 
we have 

| | e * 3 / 2 S(i)rf|'|^ e -(2/3)x3/2 j e- x3,2 %d%. 

1 1 

By Lemma 1 of Sec. 43, the integral on the right-hand side is of 
the order of 0 (< e ~ xV 2 ) (x + oo) since — | 2 ^ — 1 for £ ^ 1, so 
that the integral taken along the ray 1 ^ £ < oo is exponentially 
small compared with e- 2 / 3 * 3 ' 2 as x-+- -foo. The integral taken along 

/v 

the ray — oo ^ ^ 1 can be estimated in the same manner. 

The asymptotic behavior of the integral taken along the segment 
[ — 1, 1] can be established via Theorem 2; the principal term in 
the^asymptotic expansion is calculated by formula (45.7). We have 

S (0) = — 2/3 and S " (0) = — 2. What is left is to select a branch 
of the root in (45.7). We have 

S(t)-S( 0) p (C-*0), 

where £ = £ + Zrj. For this reason the path of steepest descent Z, 
which passes through the saddle point £ = 0, has the same tangent 
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as the path of steepest descent Z 0 corresponding to — £ 2 . The equa- 
tion of l 0 has the form £ = p, — oo < p < oo, i.e. cp 0 = 0 in 
(45.12). The final asymptotic formula is 

a =2*3/2 

Ai (x) = — x _1 / 4 e 3 [1 + 0(x“ 3/2 )] (x-v+oo). (45.20) 

2 ]/ jx 

In the case at hand we can calculate all the coefficients in the 
asymptotic series (see Fedoryuk [1]). The asymptotic behavior of 
the Airy-Fock function as x — — oo will be established in Exam- 
ple 4. □ 

Example 3. Let us establish the asymptotic behavior for real 
x oo of the integral 

oo n 

F(x)= j e~~^ +ixi dt, (45.21) 

— oo 

where n is a positive integer. Since 

F (—x) = F(i) (45.22) 

for real x’s, it is sufficient to establish the asymptotic behavior of 
the integral (45.21) as x +oo. By changing the variable from 
x~i/( 2n -i) t to t , we transform the integral F (x) to the form (45.1): 

00 

F (x) — ®*A^n-i) <D (X), (D(A.) = j e^Vdt. (45.23) 

— oo 

where 

A, = «2n/(2n-l) > $ (t) = — + it . (45.24) 

The saddle points of S ( t ) are determined from the equation Z 2n_1 = 
i and are 

h = e i,f k, , 0<fc<2«-2. (45.25) 

Hence, 

^ (*k) = ( 1 — ^-) w fc* Re5 (*ft)=(- 2"l)sin<p ft . (45.26) 

For this reason Re S ( t h ) < 0 if point t k lies in the upper half-piano 
of the complex t plane and Re S ( t k ) >» 0 if t h lies in the lower half- 
plane. 

Integral (45.21) tends to zero as x-*- -f-oo by the Riemann-Lebes- 
gue lemma (see Sec. 44). Hence, the points t k lying in the lower half- 
plane contribute nothing to the asymptotic behavior of O (Jt), since 
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the absolute value of the integrand 1 | ^ s (^> | = ^ReS(^) suc h 
a point exponentially grows as x ->* +°°- For this reason the asymp- 
totic behavior of <D (X) is determined only by those points t k that 
lie in the upper half-plane Im t > 0. 

Since there are no saddle points of S ( t ) in the integration path, 
we must deform this contour into a saddle contour. For | £ | ->- oo 
we have S ( £ ) ~ — t 2n /2n , i.e. Re S (£) — >■ — oo as £ tends to oo 
in the sectors | arg £ | <; ji/2 n and | arg £ — ji | < n!2n, which 
contain the real axis. Moreover, on each straight line Im £ — c (c is 

a constant) we have Re S ( t ) ~ ^ (Re £) 2n (Re £ ± 00 ). Hence 

the integral of the type (45.23) taken along the straight line Im £ = c 
is absolutely convergent. It is easy to show that 

0(A,)= j e^Wdt 

I in t — c 

for any value of c. Of course, there are other contours y equivalent 
to the real axis besides the straight lines Im £ = c; for instance, 
for y we can take any simple infinite curve with the rays arg t = a, 

| a I < n/2n, and arg ( — £) = p, | P | < n/2n, as asymptotes. But 
the saddle contour is among the straight lines parallel to the real 
axis. 

We select the straight line Im £ = Im £ 0 that passes through the 
saddle point £ 0 = e**/ 2 * 271 - 1 ) as the integration path n CD (^). There 
is also another saddle point that lies on this line, namely, £ = — £ 0 . 
We wish to show that max Re S ( £ ) is attained on the straight 
line Z: Im £ = Im £ 0 only at the saddle points £ 0 and — £ 0 . We have 
£ = £ + Zr) 0 and r\ 0 = Im £ 0 on Z, so that Re (it) = — r] 0 = const. 
The points at which Re [(£ + Zr) 0 ) 2n ] is extremal can be determined 
from the equation 

0 = Re [ (g + ho) 2 "/ = 2 n Re (g + 

whence 

(l + ^o) 2 "- 1 = iy (45.27) 

at a point of extremum, with y a real number# Suppose y > 0. 
Then 

g + irio = i/‘/( 2"- 1) e iv \ e iv h = 2n -yj. 

This implies that at points of extremum we have 


g = tl 0 COt<p ftl g + iT] 0 = 

- R »(5+ i ’' 0 )'"=- R »[55& 


•Hn 


o^h 


smqjft 
g i2nq> h 


] = 


Tin" 


(sin 
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since e^ 2n " { ^ k = i. But since = — , the max (sin (p ft ) 2n+1 

zn—i k 

is attained at k = 0. This value of k corresponds to the point of 
extremum 1 + 1%= e^=t 0 . 

If y <Z 0, then we have 

(— £ + ino) 2 " -1 = —iy, 

and the point — g + Zt] 0 lies on the straight line Z. Just as in the 
case with y > 0, we can prove that max Re S ( t ) is attained at 
_ tei 

the point — 1 0 . 

We have therefore established that max Re S ( t ) is attained 

- m 

only at the saddle points t 0 and — 1 0 . Following the line of reason- 
ing developed in Example 1, we can easily show that the asymptot- 
ic behavior of O (X) is determined by the sum of the contributions 
from these two saddle points, in spite of the fact that the curve is 
infinite. From (45.25) and (45.26) we find that 

S (t 0 ) = i ( 1 - 4r) ei<Po ’ S ' (*o) = - i (2n- 1) 

S(-t 0 ) = Wo), S"(-i 0 ) = S^); (45.28) 

n 

(Po— 2 (2n — 1) ' 

Asymptotically the integral O (A,) is equal to a sum of expressions 
of the (45.7) type; what remains to be specified is the branches of 
Y — 1 IS" (t) in these formulas. 

For small values of | t — | we have 

S(t)-S(t 0 )~±'S''(t 0 )(t-t 0 ), 

so that the equation of the path of steepest descent Z 0 , which passes 
through point Z 0 , has the form 

* = to + pe**» + 0 (p*) (p 0), fo 0 = - - J- + , 

which follows from (45.28). Hence, in (45.7) we must have 

J — \ pity 0 

V s 'l*o) \VS*M\ 

so that the contribution from point t 0 to the integrals (^) is 

V(t 0 ) = | / ei *° 11 + 0 
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Similar considerations can be applied to the saddle point at t 0 , but 
a more simple approach is to employ the fact that F (x) assumes 
real values for real z’s. Indeed, the function e~ t2n ^ n sin tx is odd 
in t, and the integral of this function taken along the real axis is 
equal to zero. Hence, 

oo 

F(x)= j e - * 2r V (2n >cos txdt 


for real x's. 

The principal term in the asymptotic expansion is of the form 
(1) (X) « V (t 0 ) + V ( — £ 0 ), and, since the values of ® (k) must be* 
real, we conclude that V ( — 1 0 ) ~ V (t 0 ). Hence, the contribution 
from the saddle point — 1 0 to the asymptotic behavior of ® (X) i & 
equal to 

V{-t 0 ) = VMll+O(k-% 

The final result is, as 
F ( x ) = ^g-a*2n/(2n-i)£-(n-i)/(2n-i) 

X [cos (&c2n/(2n-l) _ -2.+ + G> (x-2n/(2n-l))J . (45.29) 

Here 

i= 2 V / i^r- a =( 1 — lr) sin< p»» 

fc =( 1 - 4 r) COS( Po» and < Po = 2 ( 2n — 1) * 

We have found that the integral (45.21) exponentially decreases 
as x-^ztoo and has an infinitude of real zeros. 

45.6 The saddle-point method and the method of stationary phase 

In Sec. 44 we considered integrals of the type 

b 

F(k)= j f{x) eWVdx 


taken along a finite segment [a, b] on which S (x) assumes only 
real values. We found the principal term in the asymptotic expan- 
sion for the case where S (x) has only one stationary point x 0 , a < 
x 0 < &, S" (x 0 ) =£ 0. 

Suppose that now the functions f (x) and S (x) are the values of 
two functions / ( z ) and S ( z ) regular in a neighborhood of the seg- 
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ment [a, b]. Then we can show that the following asymptotic expan- 
sion is valid: 

n=0 

oo oo 1 

gihS(a) S fln ( a )""' 1 + e us <*® ) 2 c n X~”" 2 (X -► + oo). (45.30) 

71*0 71= C 

Here the coefficients a n and b n are determined via (44.5). In other 
words, the asymptotic behavior of the integral F (K) as X-* +oo 
is determined by the contributions from the saddle point and the 
*end points a and b of the path of integration. 

To prove this proposition, it is sufficient to deform the segment 
3a, 6], the path of integration, into a contour y such that 

max Re ( iS (z)) is attained only at the points z = a, z = 6, and 
*e? 



3 = x 0 . The asymptotic behavior of the integral taken along y is 
described by (45.30), in view of Corollary 2 and Theorems 1 and 2. 

Let us restrict our discussion to the case of a quadratic phase, 
S ( x ) = x 2 \ the general case can be investigated similarly. We have 
Re ( iz 2 ) < 0 in the first and third quadrants. We replace the initial 
path of integration, [a, 6], by the contour y depicted in Fig. 163. 
Then Re (iz 2 ) < 0 everywhere on y except the end points a and b 
and the saddle point z = 0. The contour satisfies the conditions 
of Corollary 2. 

Thus, the method of stationary phase is a particular case of the 
saddle-point method if the integrand is a regular function. 

Remark 2 . Formula (45.30) is also valid if / (x) and S (x) are 
infinitely differentiable on the segment [a, b] (see Fedoryuk [1]). 
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Example 4 . Let us establish the asymptotic behavior of the Airy- 
Fock function (45.15) as x — oo. Substituting t for tv~ X I, we 
obtain 


Ai fr) = yL ^ p F(k ), F(K)= ( e' s Wdt, (45.31) 

— oo 

where X = \ x | 3/2 and S (t) = i (t 3 / 3 — t). The saddle points 
t lt2 = ±1 of S ( t ) lie in the path of integration. Let us deform the 
integration contour in a way such that Re S ( t ) is attained only at 
the saddle points t l and t 2 . 

On the real axis in the complex t plane we have Re S ( t ) = 0. 
Let us see where Re S ( t ) is negative. Putting £ = g + ir), we find 



Fig. 164 


that the equation Re S (t) = 0 has the form r\ (£ 2 — rj‘ 2 /3 — 1) = 0. 
For this reason the curve representing Re S (t) = 0 consists of the 
real axis (r) = 0) and the hyperbola £ 2 — r] 2 /3 — 1=0. This curve 
is depicted in Fig. 164 (the region in which Re S ( t ) is negative is 
hatched). We replace the path of integration by y (Fig. 164). Since 
t ~ | £ I e ln/ 6 on y as R e £ — +°°< we conclude that Re S ( t ) ~ 
— (1/3) | t | 3 and the function | e xs ( l) \ decreases exponentially 
as Re t ->- +oo, t £ y. The same is true when Re t — oo, t £ y. 
It was found that the integral (45.31) is equal to the integral taken 
along Y* 

F (*,)= j e^Wdt. 

V 

On y we have Re S (t) < 0 everywhere except at the saddle points 
t 1 and t 2 , at which Re S (t) = 0. In view of Corollary 2, the asymp- 
totic behavior of F (X) is determined by the sum of the contributions 
from the saddle points t x and t 2 . We have 

S (*1,2) = T -3-L S" (ti j2 ) = ± 2 i , 


28-01641 
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and the final result is 

Ai(x) = -^| x |-‘/4 [cos (||x| 3/2 + il)+0(| x |- 3 / 2 )] 

(£— > — oo). □ 


46 Laplace’s Method of Contour Integration 

46.1 Laplace’s contour transformation Let us start with a sec- 
ond-order linear homogeneous differential equation with linear coef- 
ficients 

(a 0 z + a x ) w" + ( b Q z + h) W + ( c 0 z + c x ) w = 0, (46.1) 

where the a,j, bj, and Cj are constants. We will look for the solution 
to this equation in the form 

w(z) = j e^v(t)dt, (46.2) 

c 


where v (£) is the unknown function, and C is an integration contour 
that is independent of z. Below we give a formal derivation of the 
solution. Differentiation under the integral sign yields 


w ' (*) = J tv (0 dt, w" (z) = J (S) ^ * 

c c 


If we now integrate by parts, we find that 


zw 




where the first term on the right-hand side is taken at the end points 
of contour C. Similarly, 


zw' (z) = tp (C) e& 


zw" (z) = (£) e& 


c- j «&(&;(£))' dt, 
c 

| c - \eHZ?v{i))'di. 
c 


Suppose contour C and the function v (£) are selected in a way 
such that the sum of the terms without the integrals vanishes: 

K£ 2 + b 0 l + c 0 ) y (l) | c = 0. (46.3) 

Then Eq. (46.1) takes the form 

j et* [( fll £* + + Ci ) v (0 - a 0 (t?v (Q)' - b 0 (tv (£))' - c 0 v' (£)] dt = 0. 

c 
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We select the function v (£) in a way such that it satisfies the 
equation 

S- (0 = b 0 tp (t) + C( p (£)) - (atf + b& + e t ) V (£) = 0, (46.4) 

which means that w (z) is a solution to Eq. (46.1). 

Equation (46.4) is a first-order linear homogeneous differential 
equation and can easily be integrated. We have 

(t) _ ait 2 + (bi-2a 0 )r-±-( Cl -b 0 ) 

v(l) OoP + ftoC+Co 

Let us expand the right-hand side of this equation into partial 
fractions. Two cases are possible. 

(1) a 0 =t= 0. We will assume that a 0 = 1 and a x = 0 (a linear 
change of variable easily transforms Eq. (46.1) into this form). 
Suppose the equation 

Z 2 + b 0 Z + c 0 = 0 (46.5) 


has two different roots and £ 2 . Then 

V'(l) = P-1 , g - 1 
*(Q C— Ci 

^_(6 1 -2)£ 1 + (c 1 -6 0 ) + C 1 -C 2 

p ’ 

„ (»i-2)C.+(ei-» 0 ) + t > -Ci 

q ~ u-ii 

Integration of Eq. (46.6) yields 

v(d = a a- w*- 1 , 

so that 

w (z ) = a j a- - uf - 1 a - 1 di. 

c 


(46.6) 


(46.7) 


Here A is an arbitrary constant and the following condition must 
be met: 

a - ti) p a - w^Mc = o. (46.8) 

(2) a 0 = 0. Let us assume that a x = 1 and b 0 =^= 0. Then 


£j£) 

v(C) 


= ^ + 5 + 


p 

£ + c o/^o 



28 * 
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Integration yields v (£) = ce 2 


(t+t)'. 


so that 




-At' + Bt+tt d ^ 


If a 0 = b 0 = 0 and a { = 1, then, similarly, 

w(z) = c j exp [c" 1 ( -|- + Mi + Cj£ ) + £z] 


(46.9) 


(46.10) 


where c is an arbitrary constant. 

To solve Eq. (46.1) completely, we must specify contour C. Two 
linearly independent solutions of Eq. (46.1) are constructed by 
selecting two different contours C . But first we will study one of 
the more simple equations of type (46.1). 

46.2 Airy’s equation This is the equation 

w" — zw — 0. (46.11) 


Its solution, in view of (46.10), has the form 

w (z) = j e£ z -£ 3 /3 dt, 
c 


if 


g£z-£ 3 /3 | c = 0. 


(46.12) 


Obviously, for C we must not take a closed integration contour, 
since otherwise w (z) aO. Further, C must be an infinite contour, 
since otherwise (46.12) will not be valid for all z's. Let us investi- 
gate the behavior of e~^ 3 ' 3 as £ -*- oo. This function tends to zero 
along any ray that starts at point £ = 0 and lies in one of the sectors 

S 0 : | arg £ | < jt/6, S t : jt/2 < arg £ < 5n/6, 

S-i-— — <arg £< Y- 


Suppose Z 0 and Z ±1 are the rays arg £ = 0 and arg £ = ±2 jc/ 3, 
respectively. Consider the contours C x = Z x — Z_ 1? C 2 = l 0 — • Z lt 
and C 3 = Z_! — Z 0 . Any one of these satisfies (46.12), and we arrive 
at three solutions to Eq. (46.11): 

Wj(z)= j 7 = 1, 2, 3. (46.13) 

c j 

These solutions, of course, are not linearly independent: the con- 
struction of the Cj implies that 

(z) + w 2 (z) + w 3 (z) = 0. 


(46.14) 



Laplace’s Method of Contour Integration 437 

But any two of these solutions are, as we show below, linearly 
independent. 

For many applications the most interesting solution is w 1 (z). 
Let us transform it to the “standard” form. Using Jordan’s lemma, 
we can show that C 1 can be deformed (for Im z > 0) into the imagi- 
nary axis, so that 

oo 

W l (z) = i j e i(‘* + * 3 /3 )dt. 

— oo 

The solution w x (z) differs from Airy’s function Ai (z) (Sec. 41) 
only by a constant factor. 

The solutions w 2 (z) and w 3 (z) can be expressed in terms of ii\ ( z ). 
Since the contours C 2 and C 3 are obtained from by rotating C 1 
through an angle of — 2 jt/ 3 and -f2ji/3, respectively, and since 
(££±i2jr/3)3 _ ^ we have 

w 2 ( 2 ) — e~ 2in ^ 3 w i (e- 2ni / 3 z), w 3 (z) = e 2in ^ 3 w i (e 2ni / 3 z). 

46.3 Equation (46.1) with a 0 =£ 0 Consider the equation 

zw" + ( b 0 z + b x ) w' + ( c Q z + Cj) w = 0. (46.15) 

Suppose the roots £ x and £ 2 of Eq. (46.5) are distinct. Then the 
integral (46.7) is a solution to Eq. (46.15) if condition (46.8) is 
met. Let us select a contour C in a way such 
that this condition is indeed met. The points 
£x and £ 2 are the branch points of the inte- 
grand if p and q are not integers. We fix a 
point £ 0 that is neither nor £ 2 . We then 
proceed with the following traversals: we 
circuit (1) point in the positive sense, (2) 
point £ 2 in the positive sense, (3) point in 
the negative sense, and (4) point £ 2 in the 
negative sense. This results in a closed con- 
tour C (Fig. 165). After the first traversal 
the initial value of the function (£ — £i) p_1 
(£ — C 2) 9 " 1 a f point £ 0 is multiplied by e 2n ' lT> , 
after the second by e 2niq , after the third by 
r 2mP , and after the fourth by e~ 2niq , so that 
this function proves to be single-valued on C. 

The reader will recall that one solution of 
Eq. (46.15) isregular at point z=0 (see Sec. 27). 

This is the solution we have just con- 
structed. The second linear independent solution will have to be 
constructed using another contour C . Let us cut the complex £ 
plane along rays that start at points £ x and £ 2 and go to the left 
parallel to the real axis (cuts and Z 2 ; Fig. 166). For the sake of 
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simplicity we assume that 1m £ x ^ Im £ 2 . For C\ and C 2 we take 
contours that traverse the cuts in the positive sense (Fig. 166). 
By the monodromy theorem, the function (£ — £i) p_1 (£ — Cz) 9 " 1 
splits in the complex £ plane with the cuts l x and Z 2 into regular 
branches, one of which we fix. We put 

M*)= J (S-W P_1 (£-£*) , “ 1 e c *rf£, 7 = 1,2. (46.17) 

c ) 

Let us show that at Re z > 0 both integrals converge and condi- 
tion (46.8) is met. On C x we have t, — ^ — t, 0 < t < 00 , so 
that | e* z | = | e^ iZ | e ~ tReZ ; whence | e& | decreases exponentially 
as ^ +°°. The function | (£ — £ 1 ) p ~ 1 (£ — £ 2 ) 9-1 I can increase 
as +00 only as a power function, and from this follows the 
c convergence of the integral for 

w 1 (z) at Rez> 0. We can easily 
1 show that this integral is uniform- 
ly convergent in any half-plane 
of the type Re z > a > 0. Hence 
C 2 (see Corollary 1 in Sec. 16), the 

£ 2 function w 1 (z) (and therefore w 2 

(z)) is regular in the half-plane 
Re z > 0. 

Fig. 166 In Sec. 27 it was demonstrated 

that every solution to Eq. (46.15) 
is an analytic function in the complex z plane with points £ x and £ 2 
deleted, whereas we have just proved that the functions w 1 (z) 
and w 2 (z) are analytic only in the right half-plane. Rotating the 
contour of integration C 2 in the same way as we did in Sec. 16 
(Theorem 6), we can show that the solution w 1 ( z ) (or w 2 ( z )) can be 
continued analytically into the plane with a cut along a ray that 
starts at point £ x (or £ 2 ) and passes through point £ 2 (or £ x ). 

46.4 The asymptotic behavior of the solutions Let us restrict 
our discussion to the case where the exponents p and q are real and 
not integral numbers. We select the branches of (£ — £i) p_1 and 
(£ — £ 2 ) 9-1 a way such that they are positive for £ — £ x and 
£ — £ 2 positive, i.e. on the continuations of the cuts. Let us show 
that, as x + 00 , the following asymptotic expansions are valid: 

00 

w i (x) ~ et lX x~ p sin np 2 a n x ~ n y 

71=0 

OO 

w 2 (x) ~ e* iX x~ q sin nq 2 b n x~ n . 

n« 0 




(46.18) 
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The coefficients a n and b n have the form 

= 2i ( — l) n T (n + p) , 

(4b. 19) 

b n = 2i( — i) n T(n + g) (S 2 - S,) P " n_1 ^~ 1} - <P~*> . 

The choice of the branches is as follows: | arg (£ x — £ 2 ) | < n 
in the first formula in (46.19) and | arg (£ 2 — £i) I < Ji in the 
second. 

To establish the asymptotic behavior of the solutions we employ 
Watson’s lemma (Sec. 43). Take solution w 1 (x). We substitute t 
for £ — This yields 

w l (x) = et>* J + 

( 0 +) 

The integration contour traverses the cut along ( — oo, 0) in the 
positive sense. Suppose p positive. Then the integration contour 
can be deformed in a way such that it follows the banks of the cut. 
Due to the choice of branch, t 9 - 1 = e iJl ( p_1) | t | p_1 on the upper 
bank of the cut and t P_1 = e- ajT < p “ l ) | t |< p_1) on the lower. Hence, 

w i ( x ) = 2 i sin j ipe^ lX I ( x ), 

oo 

/(*) = j 

0 

The asymptotic behavior of the integral I (x) as x ->■ +oo is estab- 
lished via Watson’s lemma (here a = 1, (3 = p and / (t) = (£i — £ 2 — 
t ) 9_1 ). This results in (46.18) and (46.19). 

Suppose p is negative. Integration by parts yields 

W\ (x)e~Z iX = — ^(p(£)c?£ p = — — j £ p q/(f)c?£, 

( 0 +) ( 0 f ) 

q>W = (<+Si-S2) ,_1 «*‘- 

If p > — *1, the asymptotic behavior of the integral on the right- 
hand side can be established by the same method as in the case 
with p > 0. But if p > — m, where m is a positive integer not less 
than 2, we integrate by parts m — 1 times more. This results in the 
integral 

r j 

( 0 +) 

whose asymptotic behavior can be established in the same manner 
as for the case with p > 0. Now we only have to show that (46.18) 
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and (46.19) are valid for p < 0. Suppose p > 0. Then we can also 
integrate m times by parts. For the integral that we obtain the 
asymptotic expansion (46.18) is valid, since it coincides with the 
initial integral and the asymptotic expansion is unique. Hence, 
for p < 0 formulas (46.18) and (46.19) are valid. The asymptotic 
behavior of the solution w 2 (x) can be established in a similar manner. 

Remark 1. Formulas (46.18) and (46.19) hold not only asa:-)- +°° 
but as | z | oo, Re z > 0, uniformly in arg z in every sector of 
the type | arg z | ^ Jt/2 — e, e :> 0. This follows from Watson’s 
lemma. 

Remark 2. The asymptotic expansion (46.18) can be differentiated 
termwise any number of times. 

We take Bessel’s differential equation as an example: 

z 2 w" + zw' + (z 2 — n 2 ) w = 0. (46.20) 

We introduce the substitution 

w = z n u. (46.21) 

Then for u (z) we have an equation of the (46.1) type: 
zu" + (2 n -f- 1) u' + zu = 0. 


In this case £ 1i2 = ±j, p == q = n + 1/2, and we have two linearly 
independent solutions of Bessel’s equation: 


W t (z) = z n j (¥+l) n ~ l/2 eVdt, 
c\ 

U> 2 {z) = z n { (S 2 + if- 1/2 et* d^. 
c 2 


(46.22) 


The contours C 1 and C 2 are depicted in Fig. 166, where ^ = i and 
£2 = — i. 

The asymptotic formulas (46.18) and (46.19) take the form 

Wi ( z ) 


w 2 (z) 


JL-e”e 2 2) i (l + e 2rtni_)2 n 2 

V* 


00 

X 2 ( n ~ il2 )T(n + k+i/2)(i/2z) k , 

k=Q 


_ JJL 3Jii 

1 e -iz e 2 nt+ 4 (l + e 2nni)2 n " 1/2 


/ 


X 


S ( ’l 1 ' 2 ) r<»+*+i/2) (-■£)’ 

u — n 


These asymptotic expansions are valid for | z |— 00 , | arg z | ^ 
ji/2 — e (e > 0). 
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Laplace’s method of contour integration makes it possible to 
solve a linear ordinary differential equation with linear coefficients 
and of arbitrary order. The solution of 

n 

2 (a fto z + afti) w<~ n -» (z) = 0 

k=Q 

is sought in the form (46.2), and the unknown function v (£) obeys 
a first-order linear differential equation, which can easily be solved-. 

46.5 Difference equations with linear coefficients We start 
with a second-order homogeneous differential equation 

A n y n + 2 + B n y n + 1 + CnVn =0, n = 0, 1, 2, . . (46.23) 


where the A n , B n , and C 1} are given numbers. The numbers y 0 and 
y ± are assumed to be fixed, so that the recurrence relations (46.23) 
enable us to find y 2 , then z/ 3 , etc. The problem we are considering 
here is to find an explicit formula for the term y n in the sequence 
z/o, z/i, y 2 , y 37 • • •• Such formulas have been found (e.g. see Smirnov 
[1 ]) when the A n , B n , and C„ are constant numbers, i.e. do not de- 
pend on n. It so happens that explicit formulas, although not as 
simple, can be obtained for the case where the coefficients in Eq. 
(46.23) are linear functions, precisely, for equations of the type 

[a„ (n + 2) + a x ] y n + 2 + l& 0 (n + 1) + M y n + 1 

+ ( c o n + c i) yn — 0- (46.24) 

Here the bj, and Cj are complex valued constants and (a 0 , a x ) ^ 

( 0 , 0 ). 

A simple example of Eq. (46.24) is the binomial equation 

\a a (n + 2) + a x ] y n + 2 + ( c„n + c x ) y n = 0. (46.25) 


We put z/i = 0 and y 0 0. Then all the terms in the sequence {y n } 
with odd numbers vanish: z/ 2m+1 = 0, m = 0, 1, 2, . . . . Then 
Eq. (46.25) yields 


y 2 n 


(2n — 2) c 0 -\-c l 

2na 0 -\-a 1 ^ 2n “ 2 ’ 


from which we find that 


( — l) n [(2n— 2) c 0 + c 1 ] [(2n — 4) cp + ct] . . . c a 
y2n (2na 0 -\-a l ) (2 (n — 1) a 0 + fl i) ... (2a 0 + fli) ^°* 

Let us transform the denominator of this fraction. We have 


(2na 0 a t ) . . . (2a 0 + a x ) = 2 n a" (« +-^-) . . . ( 1 


— 2 n a, 


r ('+^r) 
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2 f we transform the numerator in a similar manner, we obtain 

(— i)»r(n+A) r(i + -£-) >n 
Vzn= J- 1 a ° , , c r «o- (46.26) 

Here we assumed that a 0 = 7 ^= 0 and c 0 =^= 0 and that a 1 l2a 0 and cJ2c Q + 
1 are not negative integers. If we put y 0 = 0 and y x =^= 0, we arrive 
-at a sequence in which the terms with even numbers vanish, which 
results in a formula similar to (46.26). If {y x n } is the sequence (46.26) 
with y 0 = 1 and y x = 0 and {y 2 n } the sequence with y 0 = 0 and 
y x = 1, then every solution of Eq. (46.25) has the form (c 3 z/n + 
where c x and c 2 are arbitrary constants. 

Employing formula (46.26), we can find the asymptotic behavior 
of y 2T) as n -> 00 . We will use Stirling’s asymptotic formula for 
the gamma function (see Sec. 43): 

v e - n ' a ' ,2a '( n +^) n+a ' iu 
The last factor has the following asymptotic behavior: 


"” i ( 1 +Tcr) 


n+«i/2a 0 


? n+ai/2a 0 />ai/2a. 


( n -> 00 ), 


-which yields the final result 


r ('* + '+Ti 


) 


-n w n+a t /2a. 


(n —>■ 00 ). 


r ( n ~ V 2 nnn 


n+ — - - 1 

2c » e~ n (n-+- 00 ), 


so that 


, e .« r 1+^7 

r ll^) (46.27) 


a= ^ 1 . 

2c 0 2a 0 


'This implies that the y 2n increase (or decrease) as n 00 like expo- 
nential functions. 

Let us now return to Eq. (46.24). We introduce the generating func- 
tion w(z) of the sequence {# n } in the following manner: 


w(z)= 2 y n z n . 

n=0 


(46.28) 
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If the series in (46.28) is convergent in a circle | z | < r, then the 
y n can be expressed in terms of w(z) thus: 

= 5 (46.29) 

lzf=p 

where 0 < p < r. 

Let us derive a differential equation for the generating function. 
We multiply the nth equation in (46.24) by z n and add all the 
products. Since 

oo 

S ( c 0 n + c i) yn z " = C 0 zw' (z) -f C t W (z), 
n=0 
oo 

S Ih (« + 1) + t>i) y n +iZ n = b 0 w' (z) + V 1 (w (z) — y 0 ), 

n— 0 

oo 

2 [«o(« + 2) + a 1 ]^nf2 zn 

n=0 

= a 0 z _1 («/ (z) — y,) + a t z- 2 (w (z) — — yi z ) , 


we can find a first order inhomogeneous ordinary differential equa- 
tion for w(z): 

Z ( C 0 z 2 + + ^o) w;/ + ( c lZ 2 + + «i) W 

= / ( 2) = K + M f/o + («0 + «i) 2f/i. (46.30) 

Suppose and z 2 are the roots of the equation 

c 0 z 2 + b 0 z + a 0 = 0. (46.31) 

We will assume that these roots are distinct and nonzero. Then 

- — - — - — > r— 1 — — . (46.32) 

The homogeneous equation (46.30) (for y 0 = 0 and £q = 0) has 

w » ( z ) = zr_i ( 1 —tY~ l ( 1 ~~k) 9 ~ l (46 - 33) 


as solution, and for this reason every solution of the inhomogeneous 
equation (46.30) has the form 


z 

w (z) = cw 0 (z) + j ; 

zO 


Mi 


fit) 


w 0 (t) t (c„t 2 + &o*+“o) 


dt. 


(46.34) 
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Here c is a constant that we must select in a way such that the func- 
tion w(z) be regular at point z = 0, in accordance with (46.28). We 
select the branches of (1 — ziz^f- 1 and (1 — zlz 2 ) q ~ 1 in a way such 
that for z — 0 they be equal to unity. 

We will restrict our discussion to the case where is a real 

positive number, i.e. 


> 0 , 


(46.35) 


so that r <C 1. In (46.34) we put z 0 = 0 and note that 


w 0 (t) t (<V 2 + V-Mo) h v ' 

where g(t) is a function that is regular at point t = 0, g(0) = a^oVo- 
Whence, 


j t~ r g (t) dt — z~ r+l h (z), 

0 

where h(z) is regular at point z = 0, h( 0) = y 0 . This can be verified 
by expanding g(t) in a Taylor series in powers of t and integrating 
the series termwise. If in (46.34) we put c = 0, we finally arrive at 


z 



0 


i/o~K fl o~f a i) ty i jf 
t (c 0 t 2 + b 0 t + a 0 ) ’ 


(46.36) 


where w 0 (z) is given by (46.33). By what we have just proved, w (z) 
is regular at point z — 0. 

Thus, the process of finding the general term y n of the sequence 
{z/ n } resulted in two integrals, (46.29) and (46.36). The integral 
(46.36) can be expressed only in terms of the hypergeometric func- 
tion. Obviously, if we are looking only for a limited number of the 
first term in {y n }, it is simpler to calculate them from the recurrence 
relations directly. The formulas (46.29) and (46.36) are of interest 
primarily because they enable us To establish the asymptotic be- 
havior of y n as n -+■ oo. 

Only the points z 1 and z 2 can be the finite singular points of w (z), 
which means that the series (46.28) is convergent in the circle | z \ < 
/?, where R = min (| z 1 |, | z 2 |). Hence 


Jim V |!/„|<1//?, 
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in view of the Cauchy-Hadamard test. But if p and q are not inte- 
gers, then w(z) will have singularities at z x and z 2 , and in this case 

ns in = (46.37) 


In particular, we always have the estimate 

lifnKCe (4-- e )"» n = 0, 1, 2, 

for any e such that 0 < e < R- 1 and with a constant C e , so that 
the solution of Eq. (46.24) cannot grow faster than the terms of a geo- 
metric sequence. 



Chapter VIII 


Operational Calculus 


An important application of the theory of functions of a complex 
variable is the method of integrating linear differential equations 
based on Laplace’s integral transformation (the operational method). 
To each function of a real variable the Laplace transformation assigns 
a function of a complex variable, the result function. The importance 
of the method lies in the fact that operations on the result functions 
prove to be much simpler than operations on the initial functions, 
or object functions. For instance, a linear ordinary differential equa- 
tion for the object function is replaced by an algebraic equation for 
the result function. Solving the equation for the result function 
and restoring the object function from the result function, we arrive 
at the sought-for solution of the given differential equation. 


47 Basic Properties of the Laplace Transformation 

47.1 The Laplace transform. The object and result functions Sup- 
pose a function / ( t ) of the real variable t is defined on the semiaxis 
0. Its Laplace transform is defined as the following function of 
the complex variable p : 

oo 

F(P)=\ e~ pt f (t) dt. (47.1) 

0 

We will consider complex valued functions / ( t ) defined on the en- 
tire real axis t and satisfying the following conditions: 

(1) In each finite interval on the real t axis the function / (£) is 
continuous everywhere except, perhaps, at a finite number of jump 
discontinuities. 

(2) f (t) = 0 for t < 0. 

(3) There are constants C and a such that 

|/(0 |< Ce** (47.2) 

for all nonnegative values of t. 

A function f(t) that satisfies conditions (l)-(3) is said to be an 
object function , and its Laplace transform, i.e. the function F(p), 
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a result junction. We will denote the relationship between an object,, 
function and its result function in either of two ways 

f(t)?*F(p) or F(p) = f(t). 


Note that functions that describe physical processes usually satisfy 
conditions (l)-(3). 

Example 1. Let us take the Heaviside unit function 


0 



0, i< 0, 

1 , *> 0 . 


The function F (p) — j e~ pt dt is defined in the half-plane Re p > 0,. 

and F (p)) = — c _p Vp|“ = 1/p. Hence, 

6(0 = -^. □ ( 47 . 3 ), 

Note that if we have a function g ( t ) that satisfies conditions (1). 
and (3) but does not satisfy condition (2), for 


/(0 = e( 0 s (0 = { o' 


g(t), t>0, 

t< 0 


condition (2) is satisfied and, hence, / (£), is an object function. For 
instance, the functions 0 (t) t , 0 ( t ) e l , and 0 (t) cos t are object func- 
tions. 

In what follows we will always drop the factor 0 (t) and simply 
assume that all such functions are zero for t < 0. For instance, in- 
stead of writing 0 ( t ), 0 (£) t 2 , or 0 (t) sin t we will always write 1, 
/ 2 , or sin t. Then formula (47.3) becomes 

l=y. (47.4), 

Example 2. Let us find the result function for e u y where A, is a 
complex valued constant. The integral 

oo 

F(p)= j 

0 

has a finite value in the domain Re p > Re A, and F (p) = — .. 

p — A 

Hence, 

e xt = ' D (47. 5> 

Let us show that a Laplace transform is regular in a certain half- 
plane. In Sec. 16 we found (see Theorem 3) that if a function / (t) 
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is continuous on the semiaxis 0 and satisfies condition (47.2), 

oo 

then the function F ( p)= j e~P f f ( t ) dt is regular in the half-plane 

o 

Re p > a. This proposition remains true for the case where / (/) 
has a finite number of jump discontinuities. We call the greatest 
lower bound of the values of a for which condition (2) for / (/) is 
still met the exponent of growth of function f ( t ). Then we have the 
following. 

Theorem For each object function f(t) the result function F (p) 
is regular in the half-plane Re p > a 0 , where a 0 is the exponent of 
growth of f (t). 

Corollary If f (t) is an object function , then 

lim F (p)~ 0. (47.6) 

Re p-> + oo 


Indeed, if a 0 is the exponent of growth of / ( t ) and s = Re p, then 
| f (t) c x e^ a o+ e ) f , where c ± > 0, e > 0, and 

oo 

5 «««->' dt= 7 ^ TT) , 

0 


from which (47.6) follows. 

47.2 Properties of the Laplace transformation 

(1) Linearity. If / (t) = F (p) and g (t) (p), then 

V (t) + ^ (t) = XF (p) + (i G(p) 


for every complex valued X and p. This property follows from the 
definition of the Laplace transform and the linearity of integrals. 

Example 3. Let us find the result functions for the trigonometric 
and hyperbolic functions sin cot , cos c at, sinh co t, and cosh cot. From 

e iut 

the fact that sin cot = and formula (47.5) we find that 


sin cot 


. 1 / 1 

• 2 i \p — v 


ico p + 


2 i 

F=)“ 


P 2 + CO’ 


so that 


sin cot = 


co 


p 2 + co 2 # 


(47.7) 


Trom the fact that coscd£ = ' 


»icoi 


±e_ 

2 i 


-i(Dt 


we conclude that 


p 

p 2 + co 2 


cos cot = 


(47.8) 
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e <i >t e -(»t 

Similarly , if we use the formulas si nh cot 5 and cosh cot = 


(Ot 1 -Ci)£ 




, we find that 


sinhatf = 


r )2 — 0)2 5 


cosh tot = 


• p 2 — q )2 


• □ 


(2) The similarity theorem. If / (t) = F (p), then for every positive a 
we have 

/<«*> H 4- F (-£-). 

Indeed, if we put at — x^ we find that 


j n*t) e - pt dt = ±-\ f(T)e~« x dx = ±F(-^). 


(3) Differentiating the object function. If /(£), /'(£), . . . , ff n) (t) 
are object functions and / (t) = F (p), then 

/( n ) (£) 7== p n F (p) p n-1 / (0) 

— p u ~^f f (0) — . * . — p/( «- 2 ) (O)-/* 71 - 1 ) (0), (47.9) 

where /< A >(0) = lim /<*>(£), fc = 0, 1, . 1. 

*-+o 

Indeed, if we integrate by parts, we obtain 

00 00 

j /' (t) e~ pt dt = [/ (t) «-«]- + p j / (<) dt. 

0 0 

If Re p > a 0 , with a 0 the exponent of growth of / (t), the upper 
limit in the first term on the right-hand side yields zero and therefore 


f (t)^pF 0). (47.10) 

The validity of (47.9) for an arbitrary value of n is established by- 
induction. 

Formula (47.9) simplifies if / (0) = /' (0) = . . . = (0) = 


0. In this case / (n) (0 == p (n) F (p) and, in particular, f'(t) = 
pF (p), i.e. differentiation of the object function is equivalent to 
multiplying F (p) by p. This is one of the more important properties 
of the Laplace transformation. 

(4) Differentiating the result function . If F (p) = / ( t ), then 

F™ (P ) = (-*)"/ (t). 


29-01641 


(47.11) 
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Indeed, since F (p) is regular in the half-plane Re p *> a 0 , where 
a 0 is the exponent of growth of / ( t ), then by Theorem 2 of Sec. 16, 

oo oo 

F’ (p) = j (e~ pt f (*)) dt = j ( - tf (t)) dt. 

o o 


Hence, F' (p) = ( — 1 ) / (t). The general formula (47.11) can be 
proved by induction. 

Example 4. Let us find the result functions for t n , t’V'*, t n sin cot 
and t n cos cot. 

From (47.4), (47.5), (47.7), and (47.8) it follows 


t n = 


t sin cot = 


n\ 

pTl+l 9 

2pco 

(p 2 + co 2 ) 2 5 


t n e^ 


n! 

— 5 


(p — %) 


(47.12) 


t cos cot = 


D 2 — CO 2 


(p2 + a) 2)2- 


Putting = ico in (47.12), we find that 


t n e i ^ = 


nl 


m! (p-f-ico) n+1 


• (p — iCD)" + l (p 2 + (0 2 ) n+1 ’ 


from which we obtain 


t n coc (Of •„» Re(P+i«o)"^ 

I COSCOt— 721 (p2_j_ C0 2)n+l > 


t n sin cot = rc! 


Im (p + i©) n+1 

(p 2 + C0 2 ) n+1 


(we assume p to be real). □ 

(5) Integrating the object function . If f (t) == F (p), then 

t 


] /(T)dT = 


. f (P) 


(47.13) 


Indeed, if / (t) is an object function, we can easily verify that g (t) = 

t 

j / (t) dx is an object function, too, with g' (t) = / (t) and g (0) = 

0. If g (t) G (p), then from (47.10) we find that 

/ (0 = S' (t) =pG (p), i.e. F (p) = pG (p), 
from which (47.13) follows. 

(6) Integrating the result function. If f (t) = F (p) and / (t)/t 
is an object function, then 

oo 

(47.14) 
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Indeed, suppose f(t)lt = O (p). Differentiating 0(p), which is 
regular in the half-plane Re p > a we obtain 


whence 


*'(/>)= -j' e~ pt f(t) dt=-F(p), 
0 


<D(p)-<D(oo)= (47.15) 

P 

where the path of integration from p to oo lies in the half-plane 
Re p > a. Since 0) (oo) = 0 in view of (47.6), from (47.15) follows 
(47. i4). 

Example 5. Let us find the result function for the sine-integral 
function 

t 

. . f sin x 

si t = \ — — at. 

o 

Using (47.7) and (47.14), we obtain 

oo 

^7-* = j 7^2 =-j arctan p = arceot p, 

V 

\ 

from which, in view of (47.13), we obtain 

si *=£E££2l P □ 

(7) The result junction oj a translation . If / (t) = F (p) and / (t) = 0 
for t < x, with t > 0, then 

f(t — F(p). (47.16) 


Indeed, if we put £ — t = g, we find that 

oo oo 

/ (t - T) = j / (t - T) e-P* dt=jf (D e-P«+V dl 

0 t 

oo 

= e-pt j f(t) e -Ptdl = e-v'F(p), 

0 

from which formula (47.16) follows. 


29 * 
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Example 6. Let us find the result function for the step function 
0, t< 0 

(n-\-l)h, wt< £ < (n+ 1) t, re = 0, 1, 2, 


f(t) 


A 


with t > 0 and h^= const. 

Note that / (£) = h [0 (£) -f~ B (t — t) -}~ . . . -j- 0 (t — kx ) -f- 
. . .], where 0 (t) is the Heaviside unit function, and by (47.16) 
we have 

/ (*> = h [-J + T e_Pt + * • ' + T e ~ kPX + • • • ] • 

oo 

Let Rep be positive. Then |e _px |<;l and the series 2 £“ ftpx is 
convergent and its sum is equal to 1/(1 — e~ px ). Hence, 
/(*)r‘ A 


p (1 — e~ pz ) * 


or 


!+c°thf). □ 


Example 7. Let us find the result function for a function / (£) 
that is periodic for t > 0 with a period of f > 0. 

Consider the function 


Then 



0<t<7\ 

t< 0, t>T. 


f (t) = <P (0 + / (* - 2 1 ). (47.17) 


If f (t) F (p) and <p (t) = <J) (p), then from (47.17) and (47.16) we 
obtain 

F (p) = O (p) + e- T P F (p), 

whence 

T 

j <-»'/(<) a 

r.W= • (47.18) 

We use formula (47.18) to find the result function for the periodic 
function / (£) = | sin t | with a period T = ji. We have 


j 


e~ pt sin t dt = 


e~P t 

FT T 


( — p sin t — cos t) 



1 +e~ n P 

i+F • 
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Hence, 


|sin*| = 


l + e- 3 ^ 


coth(jip/2) 

1 + P 2 • U 


(8) Translation of the result junction . If f (t) = F (p ), then 

f(t) = F(p- X) 


for any complex valued A,. 

Indeed, 

00 

e u f (t) = j / (<) «-<p-M* dt = F (p — W . 

0 


Example 8. Let us find the result functions for cos co£ and 
sin cof. 

Since cos co£ = — 2 - _^ 2 and sin coJ = , the property of trans- 

lation of the result function yields 


e** cos G)J = 


p — X 

\ p — >i ) 2 + cd 2 » 


sin co£ = 


co 

(/>-*)*+©*• 


□ 


(9) The result function of a convolution . The convolution / * g of 
two functions / and g is the function 

£ r 

u*g)(t)=) fa) g (t-iydt. 
to 

Let us prove that the convolution of two object functions is equiv- 
alent to multiplying the respective result functions, i.e. if / (0 = 
F (p) and g (t) = G (p), then 

(/ * g) (t) 5“ F (p) G (p ). (47.19) 

Let us first demonstrate that cp ( t ) = (/ * g) (£) is an object func- 
tion. Indeed, the function cp (£) satisfies conditions (1) and (2), 
since both / ( t ) and g ( t ) are object functions. We introduce the nota- 
tion y = max (a, P), where a and p are the exponents of growth of 
functions / (t) and g ( t ). Then 

|/ (OK Ce<v+e)t f |g (OK Ce<v+e>f f 


where C > 0 and e > 0, whence 

|(p(0l<C 2 f eV(S+e) + v(i+e-I)dE = C 2 ^va+2e) > 

J 

0 

By fixing a positive p, we find a positive such that CH ^ 

for 0. Hence, |cp (OK C 1 e (v+2e+6 >*, i.e. cp(£) is an object 

function. 
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Note that the exponent of growth of (p (£) cannot exceed the great- 
est of the two exponents of growth of / ( t ) and g (t), since e and 6 
can be taken as small as desired. 

Let us find the result function (I) (p) for cp ( t ). By definition of 
a result function, 

00 t 

<D(p)= j e-*‘( j f(t)g(t-%)dt) dt. 

0 0 


Since the double integral is absolutely convergent for Re p > y f 
we can change the order of integration and obtain 

oo oo 

$(p) = j/(g) dl\e-^g(t-l)dt. 
o l 

Putting £ — £ = t in the inner integral, we obtain 


uo oo 

1> (P) = j e-rtf (1) dt J e~rtg (x\ dx = F (p) G (p). 


We have thus proved the validity of (47.19). Below we give a 
table of object and result functions that are most commonly used 
in practical calculations. 


Object Function Result Function 

Object Function 

Result Function 

1 

P 

e u cos tot 

p— X 

(p— k) 2 + «* 

t n 

n\ 

e u sin tot 

to 

(P-X )»+© 2 


1 

t sin tot 

2<op 

c 

p — X 


t n e u 

n! 

t cos tot 

p 2 — 0) 2 

(p-*) n+i 

(p 2 + 0> 2 ) 2 

COS tot 

p 

cosh tot 

p 

p 2 + co a 

P a — CD a 

sin tot 

CO 

sinhco£ 

CO 1 

p 2 + G> 2 

P a — co a 


48 Reconstructing Object Function from Result 
Function 

48.1 The inverse Laplace transform 

Theorem 1 Let f (t) be an object function and F (p) its result func- 
tion. If f (t) is continuous at point t and has finite one-sided derivatives 
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at this pointy then 

6 + ioo 

/(0=4r { ePtp (p) d P • (48-D 

b — ioo 

The integral in (48.1) is taken along any straight line Re p = 
b > a 0J with a 0 the exponent of growth of / (t), and is understood 
in the principal-value sense. 

Proof. Consider the function g ( t ) = e~ bt f (t), with b > a e . The 
function F (b + iu) is the Fourier transform of g (t), since 

30 OO 

F (b + iu) = ( / ( t ) e~l b * iu > t dt= [ g ( t ) e~ m dt. 

0 — OO 

By the hypothesis of Theorem 1, g (t) is absolutely integrable 
over the entire length of the straight line Re p = b y is continuous at 
point ty and has finite one-sided derivatives at this point. By Fou- 
rier’s inversion theorem (see Kudryavtsev [1]), 

OO 

g ^ = !7T ] P( b + iu ) eiutdu ’ 

— OO 

where the integral is understood in the principal-value sense. Hence, 

OO b-hiom 

f(t) = 4r { F(b + iu)* Mu »du = ± j F (p) e pt dp. 

— oo b-ioo 

We have thus proved the validity of (48.1). It is known as the 
inverse Laplace transform, or Meltin' s formula . 

Corollary The object function f (t) is determined uniquely by its 
result function F (p) at all points where f (t) is differentiable. 

48.2 The existence conditions for an object function 
Theorem 2 Suppose F (p) is regular in the half-plane Re p > a 
and satisfies the conditions 

oo 

(1) The integral j | F (a -f- £a)| do has a finite value for every 

— oo 

a > a. 

(2) M (R) = max | F (p) | 0 as R oo, where T R is the 

P er R 

arc | p | = R, Re p^ a > a. 

Then F (p) is the result function corresponding to 

a+ ioo 

/(*)=Si { eVtp ^ d P’ 

a -ioo 


(48.2) 
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where a > a, and the integral is understood in the principal-value 
sense. 

Proof . Let us first demonstrate that the value of (48.2) is inde- 
pendent of the choice of a (a > a). Indeed, the integral of e pi F (p) 
taken along the boundary of the rectangle whose vertices are at 
points a ± ib and a x ± ib (a > a, a x > a, & > 0) is zero, accord- 
ing to Cauchy’s integral theorem. The integrals taken along the 
horizontal sides of the rectangle tend to zero as 6 -> oo, by condi- 
tion (2). Hence, 

a + ib a\ + ib 

lim [ e vt F (p) dp = lim ( e vt FJ < p)dp , 

b-+oc v b-+ oo * 

a- ib ax-ib 

i.e. (48.2) does not depend on a and is a function of only one varia- 
ble, L 

Let us prove that / (£) given by (48.2) is the object function corre- 
sponding to F (/?), i.e. satisfies conditions (l)-(3) in Sec. 47. 

By condition (1) this integral has a finite value and 


■ CO 

I /WI<T5T j \F(a + i<y)\do = Ce at . (48.3) 

— oo 


From (48.3) follows the uniform convergence of (48.2) in t on any 
finite segment [0, T] and the continuity of / (t) for t^ 0. 

Let us show that f (t) = 0 for t < 0. Consider the closed contour 
y R consisting of the segment [a — iR, a + zi?] and the arc 
r R : | p | = /?, Re p^ a. By Cauchy’s integral theorem, the inte- 
gral of e pt F (p) taken along y R is zero, while the same integral but 
taken along t R tends to zero as R — oo (t < 0), by Jordan’s lemma 
(Sec. 29). Whence, 


f (t) = lim 

jR-*-oo 


a+ifl 

j e pt F(p) dp 

a-iR 


a+ioo 

j e pt F (p) dp = 0, £<0. 

a-ioo 


Let us show that every p 0 (Re p 0 > a) the result function for / (t) 
is F (p 0 ). We have 



oo a+ too 

2 ^5 e " Pot 5 e pt F (p) dp dt. 

0 a- io© 


(48.4) 


Since 


|F (p) e<P-P»>' | = \F (a + io) |e-< Ee *•-“>*, 
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oo oo 

with j | F (-\-aio) | da and j e~ (Re p 0 -a)t dt being convergent and the- 

— oo 0 

inner integral in (48.4) being uniformly convergent, we can change- 
the order of integration, i.e. 


a+ioo 


j e-P^f (t) dt = ^ F (p) dp ^ ^-(p-Po dt 

a-i oo 0 

a+ioo 

5 <«- 5 > 


Let us select R > 0 in a way such that point p = p 0 is inside 
contour y R . By the residue theorem, 




Note that 


2jw 


\-Z&-dp 

J P — Po 


<: 


1 M(R)2nR 
2n R— | po | 


•0 (R-+ 00 ). 


Whence, if we go over to the limit as R -> oo in 


a + iR 


F ^=si S ^T, dp +^M^r, ip 


a-iR 


and use (48.5) t we find that 

oo 

j e-p° t f(t) dt = F(p 0 ). 

0 

Since p 0 is an arbitrary point in the half-plane Re p > a, we con- 
clude that / (t) = F (/?). Note that (48.2) coincides with the inversion 
formula (48.1). 

Example 1. Let us find, via the inversion formula, the object func- 
tion corresponding to 

F(p)= -Lg-aVp, a>0. 


Suppose D is the complex p plane with a cut along the negative part 
of the real axis. The function F ( p ), where V p is the branch of the* 
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root that assumes positive values for Im p = 0, Re p > 0, satisfies 
for Re p > 0 the hypothesis of Theorem 2. 

Let us consider the contour T R consisting of the arc C R \ | p | = 
Z?, Re p^. a (a > 0), the chord l R : Re p = a, — |/^Z? 2 — a 2 ^ 
Im p < R 2 — a 2 , the circle C p : | p | = p < R, and the seg- 
ments lying on the banks of the cut y: Im p = 0, — Z?^ Re — p. 
By Cauchy’s integral theorem, 

J F ( p ) e pt dp = 0. (48.6) 


Let p = re i{ v. Then on the upper bank of the cut cp = ji, p = — r, 
and Yp = i Y r, while on the lower bank cp = — jt, p = — r, and 
Y p = — iY V. Then (48.6) yields 


a+iVw-a.* 

°=sa5 J M(pX>p 

C R a-iVw-a* 


a ? ia V7 - - iaV~r a (• 

+ h S 1 T *- K! 5 ? <P> ^ I 48 ' 7 ) 


Since j e pt F (p) dp ->0 as Z?-*-oo, £;>0 (Jordan’s lemma), 



a+iY' R z -a z 

— j e pt F (p) dp-+ f (t) as Z?->oo (the inversion formula), 
a-i]/V-a 2 

1 1 n * f 

and 2 ^-. j e pt F (p) dp = ^ e a P<? 2 <Zcp->l as p-^0, we can go 

c p -Jt 

over to the limit in (48.7) as p-^0 and Z?-^oo and obtain 


f(t) = 


-JL j e -, t sin^/F dr+ i 
0 


(48.8) 


Putting = x in (48.8), we find that 


x 


(48.9) 
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To evaluate the integral in (48.9), we employ the well-known result 
{see Example 17 in Sec. 29) 

oo — a* 

j e~ tx ' Q,Qsaxdx = -^- j/" je kt . (48.10) 

0 

We introduce the notation 


/(oc) = 

6 

Then (48.10) yields 

/' (a) = 4"^ 7 e-0t2/4< * 

whence 

a _ «/2V"t 

/( = — L_ e ' 2 lH/ = j e~^dx, 

0 2 ' t 0 


so that I (0) = 0. This enables us to write (48.9) in the form 

a/ 2l/~t 

h J’ 

’ o r 

with 


X 

erf (z) = Q(x) = — \= f e* x2 dx 
y ji J 


the error integral* Putting 1 — erf (x) = Erf (x), we obtain the 
final result: 


— g-a^P^Erf □ 

P \2 yV 


(48.11) 


48.3 Expansion theorems Knowing the result function F(p ) t 
it is easy to find the object function / ( t ) if F (p) is regular at the 
point at infinity. In this case we can expand F (p) in a Laurent series 
about point p = oo: 

oo 

F(P)= 2 

n= 0 

Note that C 9 = 0 because F (p) 0 as Re p oo (see formu 

la (47.6)). 
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Theorem 3 Suppose F (p) is regular at point p = oo, F (oo) = 0* 
and let its Laurent expansion about point p = oo be 

oc 

F (p)= E-fr- ( 48 - 12 > 

n=l 


Then the object function / ( t ) corresponding to F (p) is given by the 
formula 

oo 

fit) =2 % i *”- (48.13) 

71=0 

Proof. Let us select R 0 so large that in the set | p R 0 there 
are no singular points of F (p). Since p = oo is a zero of F (p), there 
exists a positive M and an R{^ R 0 such that 

| F (p) |< MIR for | p | = /?>/?*. 

Cauchy’s inequalities (Sec. 17) imply that 

| C n |< MR n ~\ (48.14) 


From (48.13) and (48.14) we obtain 


2 



r |<M 2 = Me™ . 

71 = 0 


(48.15) 


In view of (48.15), the series (48.13) converges in the entire plane* 
and the sum of this series, / ( t ), is an entire function.lt is called 
an entire function of the exponential type . 

Let us multiply the series (48.13) by and integrate the product 
term-by-term with respect to t form 0 to oo. Using the fact that 
t n = n\/p n+1 and the linearity of the Laplace transformation, we 
obtain 

oo oo 

2 %- 1 fa = F(P)- 

71=0 71=0 


Theorem 3 is known as the first expansion theorem. 

Remark. The theorem that is the converse of Theorem 3 is also 
valid, namely, if / (t) = 0 (t) g (t) is an object function, with g (t) 
an entire function of the exponential type, then its result function 
F (p) is regular at the point at infinity. 

Example 2. Let us find the object function / ( t ) for 

oo 

P(P) = yr. 

h=Q 


where n is a positive integer. 
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By Theorem 3, f (t) = 2 ^ f . Using the following formula 

fe =0 

for the Bessel function: 



h = 0 


we find that 



t n/ 2 J n (2 

(48.16) 

In particular 

•To (2 V~t) e -1/p - □ 

(48.17) 

Theorem 4 Let a meromorphic function F (p) be regular 
half-plane Re p > a and satisfy the following conditions : 

(1) There is a system of circles 

in the 

Cn- 1 P 1 

= R n , R! < R 2 < R n oo (n oo) 


such that max 

p€Cn 

| F (p) | 0 as n oo. 

oo 


(2) The integral j \F (a + a) \ do has a finite value for every a > a. 

Then F (p) is 
formula 

— oo 

a result function whose object function is given by the 


/(*)=2 Res [F(p)e pt ], 

(P ft ) P=P fe 

(48.18) 


where the sum is taken over all the poles of F (p ). 

Proof . The function F (p) satisfies the hypothesis of Theorem 2 
and, in view of this theorem, F (p) is the result function of 

a+ioo 

f(t)=4a 5 ePtp (P) d P • < 48 - 19 ) 

a- ioo 

Suppose T n is the arc of C n that lies to the left of the straight line 
Re p = a, the points a ± ib n are the points at which C n intersects 
this straight line, and y n is the closed contour consisting of the seg- 
ment [a — ib n , a + ib n \ and the arc T n . 

Since the integral in (48.19) is taken in the principal-value sense 
and b n oo as n -> 0, we conclude that 

a+ib n 

/(*) = ■ S e pt F (p) dp. 

a-ib n 


(48.20) 
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For t> 0, by Jordan’s lemma, 

lim [ e pi F (p) dp = 0. 

n-oo - 
1 n 

For this reason we can write formula (48.20) thus: 

/(*)=£ ePtp (p) d p- ( 48 - 21 > 

V n 

Applying the residue theorem to the integral in (48.21), we arrive 
at (48.18). This theorem is known as the second expansion theorem . 

Corollary If F (p) = A n ( p)IB m (p), where A n and B m are poly- 
nomials of degrees n and m, respectively , without common zeros , and 
if n <im, then 

/ (<) - 2 s+nr -+77 (P) (p-p») m *) U* . (48-22) 


where p u p 2l . . p t are the distinct zeros of B m (p), and m k is the 
order of the zero p h . 

We can derive (48.22) from (48.18) if we use the rule by which 
the residue at a pole of order m h can be calculated (see Sec. 28). 
In particular, if all the poles of F (p) are simple, formula (48.22) 
takes the form 


m 


^n(p) . 8T1 

Bm (p) • * 


■A n (Pft) 
B 'm (Pft) 


e v kK 


(48.22') 


Example 3. Let us find the object function / ( t ) corresponding to 
the result function 


F(P) 


P + 8 

P a + P — 2 * 


Since the function F (p) has simple poles at p 1 = 1 and p 2 = 
formula (48.22') yields 


- 2 . 


'«)-(5TT eP ‘ 


),-,+( 


P+8 gP< 


2p + l 


) p=— 2 * 


Hence, / (t) = 3e l — 2e~ 2t . We arrive at the same result if we write 
the partial-fraction expansion for F ( p ), or F (p) = — p -\~2 * 


and use the formula e u . □ 

p — A 

Example 4 . Let us find the object f (t) function corresponding 
to the result function 


F(P) 


1+2 p 2 
(1 + P 2 ) 2 ‘ 
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The function F (p) has second order poles at p x = i and p 2 = — L 
If we apply (48.18) and the rule for calculating the residue at a 
second order pole (see Sec. 28), we find that 




l+2p 2 oPt 
( P~i ) 2 


]' . 
Jp=- l 


1 3 

This yields / (t) = -^t cos t + y sin t. The same result follows 


from the fact that 


1 + 2 P 2 i p2 — ! 3 1 

(1 + P 2)2 - 2 (p2 + l)2+ 2 p 2 + i 


and the formulas = t cos t and t -}— = sin t . □ 

(1 + p 2 ) 2 1 + p 2 

Example 5. Let us find the object function corresponding to the? 
result function 

F (P)= (pS + l)3 ‘ 

The result function F (p) has third order poles at p 1 = i and p 2 = 
— i. If we apply (48.18) and the rule for calculating the residue 
at a third order pole, we obtain 


from which we find that 


f sint ^tcost i-£ 2 sin£. □ 

48.4 The result functions for some elementary and special func- 
tions 

(a) The power function . Let us take the function / (£) = If 
— 1 < fi < 0, then / (0) = oo, and hence / (t) does not satisfy the 
conditions (l)-(3) that an object function must satisfy (Sec. 47). 
But for —1 < P < 0 and Re p > 0 the integral 

oo 

F (p) = J A~ pt dt (48.23) 

0 

has a finite value and represents a function that is regular in the- 
domain Re p > 0. We wish to evaluate this integral. 

Let p be real and positive. Putting pt = t in (48.23), we obtain 


F (p) = j t^e~ pi dt = j e- T T& dr 

o p o 
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Hence, 

^’(p) = L ^r, P>0 (48.24) 

If we continue the analytic function F (p) from the semiaxis (0, +oo) 
into the half-plane Re p > 0, we find that (48.24) is valid for 
Re p > 0, so that 

^ —g+r* (P>-1» Rep>0). (48.25) 


Note the important case of |3 = — 1/2 in formula (48.25). Since 
r (1/2) = ) f n, we have 


1 . 1 
Ynt * Y p 

(b) Impulse functions. Consider the function 


(48.26) 


r o < t< h, 

| 0, £<0, t > h. 


(48.27) 


For small h ' s this function can be interpreted as a force of constant 
magnitude llh acting within a small time interval 0 <i t <i h and 
having an impulse equal to unity: 


^ h (t) dt — 

— oc 



(48.28) 


Let us introduce an idealized function that will be the limit for 
the family of functions 6^ (t) as h — 0. We denote this function by 
•6 (t) and call it the unit impulse function of order one (it is more 
commonly known as the delta function of Dirac). 

In view of (48.27) and (48.28), this function must satisfy the 
following conditions: 


«(*)= 



t = 0, 

t¥= 0 , 


j 6(f)d* = l, 

— oo 


which no ordinary function can satisfy simultaneously. Neverthe- 
less, the delta function is used as a criptic notation for a limiting 
physical process in which an infinitely large quantity (e.g. force) 
acts over an infinitely small time interval with a total effect (the 
impulse) equal to unity. 
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Note that 

M <) =4 [ 0 W - 0 (*-*)]. 0 ». 2 ») 


where 0 (£) is the Heaviside unit function. We will assume that 
the result function for the delta function is the limit of the result 
function for 8 h ( t ) as h —>■ 0. Since 6 h (t) = (1 — e~ vh )lph, we can 
write 


6 ( t ) = lim 

h -+0 


1 


— e~Vh 

ph 


* 


or 

6 (t) = 1. (48.30) 

We also note that in view of (48.29) the delta function can formally 
be considered as the derivative of 0 (t), i.e. 

6 (t) = 0' (t). (48.31) 

For this reason we can arrive at (48.30) by using the formula 0 ( t ) = 
1 Ip and the rule of differentiating object functions. 

Using (48.30) and the rule for finding the result function of a 
translation, we obtain 

6 (1 — t) = e-v*, x > 0. 


Reasoning along similar lines, we can introduce the impulse func- 
tions 6< n) (t) for n^ 2 and arrive at 

6< n > (t) = p n . (48.32) 

The substantiation of (48.32) can be achieved on the basis of the 
theory of so-called generalized functions (e.g. see Vladimirov [1]). 
(c) Bessel functions. The function 


F(p) = 


1 

Y p 2 + i 



= 2 (- 1 )* 

ft =0 


(2*)1 

(A :!) 2 p 2 A +1 


is regular at infinity and F (oo) = 0. By the first expansion theo- 
rem, 

oo 

?<P)^S (-i)*-5 s^5T=A(<). 

k=0 


We have therefore found that 


j 0 (t)= 


i 

V r p*+i ' 


(48.33) 


30-01641 
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Substituting for t in (48.33) and employing the similarity theo- 

rem, we obtain / 0 (iBU = - - _ _ from which by the rule for 

/ P 2 — P 2 

finding the translation of a result function we have 

e~ at J 0 (if>t) = 1 . ( 48 . 34 ) 

/(p+a) 2 -P 2 V ' 

We can also write this formula in the following form: 

e~ at I 0 (fit) = 1 — , 

V (p+ a ) 2 — P 2 

where / 0 ( t ) is the modified Bessel function. 

Using formula (48.33) and the induction method, we can find that 

J - m ^ <V Y^rr -- <48 ' 35) 

For n = 0 this formula coincides with (48.33). Since 

/i ( t ) = -Jo (t), Jo (0) = 1, (48.36) 

we can find, using the rule for differentiating object functions and 
(48.36) and (48.33), that 

Ji ( t ) = (Vp^TT - p )/ VY + Y, 

i.e. (48.35) is valid for n — 1. Let it be valid for all positive integers 
less than n (n^ 2). Using the formula J n ( t ) = / n _ 2 (0 — 2J' n . 1 (t) 
and the fact that J n - X (0) = 0, we find that 


(48.35) 


Jn (t) = 


The final result is 


. (yV+i-p) n 2 


vv+ i 


(yV+i — p) T 
vV+ 1 


Jn ( t ) = 


. (vV+i - P ) n 


Yp 2 + i 


(d) Functions related to the error integral . Let us consider the 
functions 

t 

erf(£) = — \ e-^dx, 

i/jt J 
r o 

Erf (0 = 1 — erf (t) y f ( t ) = e f erf (}/~ t). 

There are object functions, with 


r w=/(o+- 
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Suppose / (t) = F ( p ). Then, combining (48.37), the formula 
l/y^nt = l/l^p, and the rule for differentiating object functions, 

we find that pF (p) = F (p) + 1 lY P, whence F (p) = 
i.e. 

< 4838 > 

From (48.38) and the rule for calculating the translation of result 
functions we find that 


e ' !ivr) ^77m- (48 - 39) 

Consider the function 

g (t) = e* Erf (Vi) = - e l erf ( V't ). (48.40) 

Combining (48.40) with (48.39), we obtain 


S (t)=-1 1 - 1 

p-1 (p-i)Yp p+Yp 


Hence, e* Erf (V 0 =’ — r =- , which yields 

p+yp 


Eri(l/r)— • 


Further, from 


1 


/p+q 

p Y p+w ^ p F p+« 


(48.41) 


and the fact that — 7 =*= — 4= it follows that 
Y p y nt 


p r - pt + “l 


/p+« . 1 


dT 


JIT 


or 


- ^ P ^ a e^ af + ]/ r aeTi(]/ m at). a>0. (48.42) 


30 * 
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49 Solving Linear Differential Equations via 
the Laplace Transformation 

49.1 Ordinary differential equations Let us take an /ith order 

linear differential equation with constant coefficients 

Lx = x (n) (t) + cl x : r< n_1) (£) + ...+ <z n - (0 + a n x (t) 

= /(*). (49.1) 

The Cauchy problem is formulated as follows: to find the solution 
of Eq. (49.1) that obeys the condition 

x (0) = x 0 , x' (0) = x x , . . • , x^- 1 ) (0) = x n - 1 , (49.2) 

where x 0 , x x , . . ., x n - x are given constants. Assuming that / (£) is 
an object function, we seek the solution x ( t ) of the Cauchy problem 
(49.1), (49.2) such that x (t) = 0 for t < 0. Let x (t) = X ( p ) and 
f (t) = F ( p ). By the rule of differentiating an object function and 
the property of linearity, we go over to result functions in Eq. (49.1) 
and, in view of the boundary condition (49.2), we obtain 

P X(p) P X 0 . . . PX U - 2 %n -1 

+ a x (p n ~ 1 X(p) — p n ~ 2 x 0 — . . . —px n . 3 — x n - 2 ) 

+ . . . +fl n - 1 (pX(p) — *o) + a n X(p) = F(p), 
or 

-4(p)-X*(p) — fl(p) = F(p), 

where 

4(p) = P n + %P n_1 + . . . + a n - x p + a n \ 

is the characteristic polynomial of the equation Lx = 0, and 

B(p) = x 0 (p 71 - 1 + a x p n - 2 + . . . + a n -i) 

+ *i (p n ~ 2 + fliP n " 3 + . . . + a„- 2 ) 

+ • • • + ^n-2 (P + a l) + #n- 1* 

We have X(p) = [Z?(p) + F(p)]/A(p). To find the sought-for solu- 
tion # (£) of the Cauchy problem (49.1), (49.2), we need only recon- 
struct the object function x (t) from the result function X(p). This 
can be done by the inversion formula. In practical applications of 
the operational method, however, the more customary approach is 
to use the table of object and result functions. For instance, if / (t) 
is a quasi-polynomial (i.e. a linear combination of terms of the 
type t r e u ), then X(p) proves to be a rational function. To find the 
object function in this case it often convenient to represent X(p) 
as a partial-fraction expansion. 
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To substantiate the possibility of applying the operational meth- 
od to the Cauchy problem (49.1), (49.2) it is sufficient to verify 
that x (£), x' ( t ), . . ., xS 71 } ( t ) are object functions. Let us represent 

x ( t ) as the sum x ( t ) + £ 0 (*)» where x ( t ) is the solution of the 
homogeneous equation 

Lx = 0 (49.3) 

with given initial conditions (49.2), and x 0 (t) is the solution of 

Eq. (49.1) with zero Cauchy data. Note that x (t) is a linear combi- 
nation of functions of the t r e u type (r is a nonnegative integer), 

/v 

which implies that all the derivatives of x ( t ) are object functions. 
We can write x 0 ( t ) in the form of the convolution 

*„(*) = (49.4) 

0 

where z (t) is the solution of Eq. (49.3) satisfying the conditions 
z (0) = z' (0) = • . • = 2 ( n - 2 > (0) = 0, z^- 1 ) (0) = 1. (49.5) 

From (49.4) and (49.5) it follows that 

t 

x ( o A) W=J/(i)z (A) (i-i)di + /(Oz (ft) (0), k = l, 2, . . . n. (49.6) 
0 

Since the result function for z ( t ) is Z (p) = i/A (p), which is regular 
at infinity, Z (oo) = 0, we conclude that z ( t ) is an entire function 
of the exponential type (see Theorem 3 of Sec. 48), and, in view of 
(49.4) and (49.6), that the functions x 0 (t), x' 0 ( t ), . . ., xb n) ( t ) 
are object functions. Hence, x ( t ), x (t), . . ., x (n) (t) are object 
functions, too. 

The function z (t) is often called the function of a unit point source 
for the equation Lz — 0, while the function e (/) = 0 ( t ) z (t) is 
known as the fundamental solution of operator L, i.e. the solution 
of the equation 

/,K = 6 (t), 

where 6 ( t ) is the delta function of Dirac. 

Remark . If the initial conditions (49.2) are specified at time t = t 0 
rather than at time t = 0, then by substituting t for t — t 0 we can 
replace the Cauchy problem (49.1), (49.2) with 

Ly (f) = / (t + t 0 ) 

with the initial conditions at t = 0. 



470 Operational Calculus 


Example 1. Solve the Cauchy problem for 

x" ( t ) — 3x' ( t ) + 2x (t) = 6e 

with the initial conditions x (0) =2 and x 9 (0) = 0. Let x ( t ) = 
X (p). Then 

x' (t) = P X (p) - * (0) = pX (p) - 2, 

*' it) = p 2 X ip) - px (0) - *' (0) = p 2 X (p) - 2 p. 

Going over to result functions in the equations, we obtain 

P 2 X ip) - 2p - 3 ipX ( p ) -2) + 2X (P) = - JL. , 

X(p)--k P —, 

which leads to the sought-for solution x (t) =2 cosh t. □ 

Example 2. Let us find the solution of the equation 

x" ( t ) + x* (t) = cos t 

with the initial conditions x (0) = 0, x f (0) = — 2, and x (0) = 0. 
Let x(t)-±X (p). Then (t) = pX ( p ) and x" (t) = p 3 X (p) + 2 p. 
Going over to result functions in the equation, we find that 

(p 3 + p) X (p) + 2p , Whence X(p) = - . Thus 

(see Example 4 in Sec. 48), 

y( v 1 p 2 -1 3 1 

A \ p ) 2 ‘ (p 2 + 1)* 2 * p 2 +l ’ 

1 3 

x(t)= — y£cos£ — y sin t. □ 

Example 3. Let us solve the equation 

x lw ( t ) + 2x (t) + x (t) = sin t 
with zero initial conditions. If x (t) = X (p), then 
(p4 + 2 p 2 + l)X(p) = - F i Fr , 

which leads to X (p) = ^ ^ 8 - . Whence (see Example 5 in Sec. 48), 

x (t) =y sin t — y £ cos t — y J 2 sin t. □ 

The operational method can also be applied by a similar technique 
to the solution of systems of linear differential equations with 
constant coefficients. 
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Example 4. Let us solve the Cauchy problem for the system 

f x'(t) + y' (t) + x(t) + y(t) = t, 

\ x"(t)-y'(t) + 2x(t) = 3(e- t + l) 


with the initial conditions x (0) = y (0) = 0 and x ' (0) = — 1. Let 
x(t) = X ( p ) and y(t)*=Y (p). Then 

*' (t) = pX (p), x" ( t ) = p*X (p) + 1, y' ( t ) = (p). 

Going over to result functions in the system of equations, we find 
that 

f pX(p) + pY(p) + X(p) + Y(p) = ^, 

{ p 2X(p) + l-pY(p) + 2X(p) = 3(-^ T -±). 

Solving this system, we find that 

X(p) = ^ rr -^, Yip) = ±. 


whence x ( t ) = e~ l — 1 and y ( t ) = t. □ 

49.2 Volterra integral equations Let us consider a Volterra 
integral equation of the second kind with a kernel K that depends 
on the difference of the independent variables, i.e. an equation 
of the type 

t 

<P (*) = /(*)+ (49.7) 

0 


where K ( t ) and / (t) are given functions and (p ( t ) is the unknown 
function. 

Let cp (t) = (J) (p), f (t) = F ( p ), and jfiT (^) = G ( p ). Going over 
to result functions in Eq. (49.7) and using the rule for finding the 
result function of a convolution, we obtain O (p) = F (p) + 
G (p) F (p), whence 




Fjp) 

1 -G(p) • 


The object function corresponding to O (p) is the sought-for solu- 
tion of Eq. (49.7). 

Example 5. Let us solve the integral equation 

t 

<jp (f) = sin t + [ (f — |) (p (|) dl. 

0 
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Going over to result functions in the equation, we obtain 


whence 


<I) (P)= p t + l +7a (I) (P)» 

(D (p) = El — -i. / — 1 1 \ 

(p 2 — l)(p 2 + l) 2 l p 2 + l ^ p 2 — 1 /» 

<p (t) = — (sin £ + sinh t). □ 


Let us study a Volterra integral equation of the first kind with a 
kernel K that depends only on the difference of the independent va- 
riables, i.e. an equation of the type 

t 

j *(*- g) q> (g) dg = /(*), ( 49 . 8 ) 

0 


where / (/) is given and cp ( t ) the unknown function. We put / ( t ) = 
F ( p ), K (t) = G (p), and cp (t) = O ( p ). Then Eq. (49.8) yields 
O (p) = F ( p)/G (p). The object function corresponding to O (p) 
is the sought-for solution of Eq. (49.8). 

Example 6. Let us solve the integral equation 

* 

j e ( -£cp(£)dS = *. 

o 


1 1 

Going over to result functions, we find that — — ^ CP (p) = , 

whence <P(p) = -i ^ , and cp (t) = 1 — L Q 

49.3 Equations with partial derivatives Let us study the prob- 
lem of vibrations of a string 0 < x < l with fixed ends, assuming 
that the initial velocities of the points of the string and the initial 
deviations of these points from equilibrium are given. This problem 
(see Vladimirov [2]) is formulated as follows: to find the solution 
of the equation 


d 2 a _ 2 d 2 u 
dt 2 dx 2 


(49.9) 


for zero boundary conditions 


u | x=o = u> U=i = 0 


(49.10) 


and given initial conditions 

u I t=o — u o (z), 


du 

dt 


i=0 


= u i ( x )- 


(49.11) 
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Let us assume that the functions u 0 (x) and u x (x) are sufficiently 
smooth and obey the additional conditions at the end points of the 
segment [0, /], which ensure that there is a smooth solution of the 
problem (49 . 9)-(49 . 1 1 ) . 

Suppose U (p, x) is the result function for u ( x , t). Then, assum- 
ing p to be a parameter, we obtain 


d 2 u . 
dx z * 


oo 



0 


dt 


d 2 U 
dx 2 * 


Using the rule of differentiating object functions and the initial: 
conditions (49.11), we find that 


pU {x , p) — pu 0 (x) — u l (x). 

Going over to result functions in Eq. (49.9), we obtain 

a 2 ^—p 2 U + pu o (x) + u l (x)^0, (49.12)- 

while the boundary conditions (49.10) yield 

U Uo = U u, = 0. (49.13) 

Solving the problem (49.12), (49.13), we arrive at the result func- 
tion U (x, p) and then at the object function u {x, t). 

Example 7. Let us solve the problem (49.9)-(49.11) for a =1, 
l = 1, u 0 (x) = sin tlx, and u x (x) =0. In this case Eq. (49.12) 
takes the form 


dx 2 


p 2 U — — p sin nx. 


Solving this equation for U \ Xss=0 = U |* =1 = 0, we obtain U ( x , p) = 
, which yields u ( x , t) = cos n t sin nx. □ 

Example 8 . Solve the equation 


d 2 u _ d 2 u 

dx 2 ’ 


0 < *< 1 , £ > 0 , 


for zero initial conditions u | <= o=-jr —0 and the following 

ot | <=0 

boundary conditions: 


U | JC=0 

Let u ( x , t) == U ( x , p). Then 


du 

dx 


— sin co t. 

X=1 


d 2 u . 
dx 2 ~ 


P 2 


d 2 U 


Going over to result 


dx 2 • 
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functions and taking into account the initial conditions, we obtain 
-j-£=p 2 U, from which we find the general solution U (i, p) = 

C x cosh px + C 2 sinh px. Since sin co£ = co/(p 2 + co 2 ), the bound- 
ary conditions yield 


Hence 


U | x= o — 0, 


dU 

dx 


CO 

p 2 +C0 2 • 


U (x, p) = 


co sin xp 

p (p 2 -|-co 2 ) cosh p 


'The function U (, x , p) has poles at ±zco and =b^co fe , where = 
\k — 1/2) TCy k = 1, 2, . . . . By the second expansion theorem, 


oo 

u ( x , t) = Res G (p) + Res G (p) + 2 [ Res G (p) + Res G (p)], 

p=i(o p=-io ft=l P—Pfr p=-p^ 


'with p h = i(s) h and G (p) = U (, x , p) e vt . 

We will assume that | co | co* (A: = 1, 2, . . .). Then all the 
residues of G (p) are simple, with 


Res G (p) = ( 

p=i co ' 


(tiePt sin xp 
p cosh p 


) p=i Cl) 


1 

(P 2 + 0)2 )p=ia ) 


i sin coxe lC0 * 
2o) cos co 5 


Res G (p) 

P=P h 


(oePt sin xp 
p (p 2 -f- to 2 ) sinh p 


)= (- i )' 1 - 1 

P=Pk 


iv> h t . 

icoe R sin coftX 

(0) 2 — C0 2 )C0ft 


.Bearing in mind that 


Res G (p) -f- 

p=ico 


Res G (p) = 2 Re Res G (p) = 

p=-ico p=i(i) 


sin cox sin c at 
co cos co 




Res G (p) + Res G(p) = 2 Re Res G (p) 

p=p ft p=-p k p=p fe 


= 2(-l) ft 


co sin o^x sin (Oft* 
(co| — co 2 ) ’ 


we finally obtain 


a (a:, t) 


sin cox sin au 
co cos co 


+ 2co £ (-1)* 

ft = 1 


sin co/jX sin c o^t 
toft (co 2 - co 2 ) 


. □ 


Let us discuss the application of the operational method to the prob- 
lem of the heat conduction equation. We wish to find the tempera- 
ture distribution in a semi-infinite rod 0 < x <C oo, assuming that 
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the rod’s initial temperature was zero and the left end is in a heat 
bath whose temperature is a known function of time. 

The problem consists in finding the solution u ( x, t) of equation 

^-=a 2 -g-, z>0, t> 0, (49.14) 

that is bounded for x ^ 0 and obeys the following initial and bound- 
ary conditions: 

u\ t=0 =0, m|*=o=/W (49.15) 

Let / ( t ) be an object function and u ( x , t) = U (x, p). Then bearing 
in mind (49.15), we have 

du • „tt d 2u • d*U 

~dT~ pU ' 

■Going over to result functions in Eq. (49.14), we arrive at the bound- 
ary value problem 

-S- —£u = 0, (49.16) 

U\*-o = F(p), | U (x, p) | < oo, (49.17) 

where F (p) = / (0- Solving the problem (49.16), (49.17), we obtain 

V y 

U (x, p) = F(p)e a * 

The sought-for solution u ( x , t) can be found from the result function 
U (x, p) via the inversion formula, but it is more convenient to 
represent U (x> p) as 

u (x, p) = pF{p) -ye ~ V ’ P , 

use the rules for calculating the result functions of derivatives and 
convolutions, and a formula we obtained in Sec. 48.2, 

T * ' - ert ( 177T ) = yi l 

2 aVT 


U (P* x ) u (#» t) = j / (t) -^-G(x, t — t) dx , 
0 


We have 
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where 

Hence, 

r o 


50 String Vibrations from Instantaneous Shock 

50.1 A semi-infinite string Small natural vibrations of a homo- 
geneous string are described by the wave equation 

u n = a 2 u xx . (50.1) 

Here u ( t , x) is the deviation of the string from equilibrium at point 
x and at time t, and a is a positive constant. 

Suppose the string is semi-infinite (0 < x <C oo), its end x = 0 
is free, and at the initial moment ( t == 0) the string was at rest, i.e. 
the Cauchy data are 

u \ t=o = 0, u t |/ =0 = 0. (50.2) 

At time T > 0 the end x = 0 is subjected to an instantaneous shock, 
so that the following boundary condition holds: 

u x (t 9 0) = F6 (t— T), (50.3) 

where 6 is the delta function of Dirac, and l 7 is a nonzero constant. 

Let us solve the mixed problem (50.1)-(50.3) for 0 <C x <C oo and 
0 < t < oo. We introduce the Laplace transform 

oo 

v(p y x)= j u(t , x) e~ vt dt. (50.4) 

o 

Then for v we have the ordinary differential equation 

v"xx — ^ — 0 (0<x<oo) (50.5) 

and the boundary condition 

Vx\x=o = Ve-pT. ( 50 . 6 ) 

We will impose the following boundary condition at infinity: 


v (p, x) ->■ 0 ("Re d -> 4- oo). 


(50.7) 
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Then v(p r x) = e~ px ^ a ~ pT % and the inversion formula yields 


C + ioo 




dp. 


with c positive. This yields (see Sec. 48) 

u(t, x) = 0 (t<T + ^), u (t, x) = — aV (or+ 7 ) 


or 


u{t, x)=—aVQ(t-T J-), (50.8) 


where 0 is the Heaviside unit function. 

Thus, the impact on the left end of the string results in a plane 
wave (a rectangle step of height a | V |) that travels along the string 
with a speed a. 

String vibrations in the presence of friction are described by the 
equation 

u tt = a 2 u xx + oiu t1 (50.9 

where a and a are positive constants. The initial and boundary con- 
ditions are again taken in the form (50.2), (50.3). We arrive at the 
following equation for the Laplace transform v (p, x) of the function u : 

v’xx— p 8 7 ? P - p = 0 (50.10) 


and the boundary conditions (50.6), (50.7). This yields 

aV — -V P 2 +ocp x-pT 

v — t ■-■■■— - e a 9 

Y P 2 + ap 

and from the inversion formula we obtain 


u (t y x) = 


c + ioo p(t-T) — —V'pZ+ap 

aV f e a _ 

J y p2_|_ a p 

c — i oc 


dp. 


(50.11) 


The function p 2 + a p has two branch points: p = 0 and p = — a. 
Its regular branch in the right half-plane is selected in such a way 
that the root is positive for positive p's> so that v (p, x) satisfies con- 
dition (50.7). 

As p — >■ oo, the exponent in the exponential function in (50.11) 
becomes 
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The integrand in (50. 11) has no poles in the right half-plane Re p > 
0, and by Jordan’s lemma u (t, x) = 0 for t — T — xla < 0. 

For t — T — xla >0 the integral (50.11) cannot be expressed 
in terms of elementary functions, and we will use a well-known 
formula of operational calculus (see Lavrent’ev and Shabat [l]) r 


1 c+i f e ~ T V r p 2 -t> 2 +tp 
2jti J l/ n 2 — fr 2 

C-ioo 


i 0 (bVt*-T*)e(t-T), 


where I 0 is a modified Bessel function. We can reduce the integral 

in (50.11) to this form if we substitute p = p — a/2, so that b = 
a/2 and x = xla. The final result is 


u(t, x)=-aFe-“ < ‘' r) / 0 (4rj/ (*-D 2 -^-) 0 (t-T-%) . 

(50.12) 

Fora =0 we arrive at (50.8). The solution given by (50.12) de- 
scribes a wave, too. Its wavefront x = a (t — T) y moves to the 
right with a speed a. 

We fix a point x >0 and study the behavior of u ( t , x) as t — 
-foo. Using the asymptotic formula 

h (*) ~ - ^7= (*-*- +°°). 

y 2nx 

aV 

we obtain from (50.12) the following: u ( t , x) ~ -= (t -> +oo), 

V ant 

so that the vibrations at a fixed point fade out, in contrast to (50.8). 
This is the result of friction. 

50.2 A finite string vibrating without friction Suppose the 
string is finite (0 < x < Z), its left end x = 0 is free, and the right 
end x = l is fixed, so that 

u (0, l) =0. (50.13) 

Just as in Sec. 50.1, we will fix the zero Cauchy data and the condi- 
tion that at t = T >0 the left end is subjected to a sudden shock. 
Then u (Z, x) satisfies Eq. (50.1), the Cauchy data (50.2), and the 
boundary condition (50.3) and (50.13). Going over to the Laplace 
transform (50.4), we arrive at Eq. (50.5) for v and at the boundary 
conditions 

v' x \ x = 0 = Ve-v T , v\ x=l = 0. (50.14) 

This yields 

” (P* = p colh ipl/a) Sinh [-f *>] ’ 


(50.15) 
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and using the inversion formula, we obtain 

C+ ioo 

u(t, x) = ^T j e pt v(p, x)dp, 

C — too 


where c is positive. We evaluate this integral using the theory of 
residues. The singular points of the integrand coincide with the 
zeros of the function cosh (pl/a) (point p = 0 is not a singular point 
for this function). Hence, the integrand has poles at p = p n , where- 






n = 0, dt 1, • . . 


All of these poles are simple and lie on the imaginary axis, withi 


Res ( e pt v (p, x) = 

P=P n 


aVe 


Vn{t T> sinh ("~ L (^ — o) 

Pn ( cosh “v) | P=Pn 


where 


2iaV( — 1)” +1 
ji(2n + \) 




<p n W, 


<Pn (x) = sin [-j- (n + -t ) (x — Z)] . 
Let us show that 

oo 

u(t, z)= — 2 Res (e pt v(p, x)) 

n=-oop=p n 


(50.16) > 

(50.17) > 

(50.18) ' 


for t > T + Ha. Since a is the speed with which the shock travels, 
along the string, during this time the perturbation is able to reach 
the right end of the string and be reflected from it. But if t <C T + 
lla , we can easily see that the solution has the form (50.8). 

Consider the integral 

J N = ~2 h~ J eV ‘ v ( p ’ x 3 dp ’ (50.19)- 

% 

where is a rectangle with its vertices at c ± iy N and ± iy N , — y N , 
with y N = ji aN/L The integral J N is equal to the sum of residues 
at the poles of the integrand that lie inside T N . The integral taken- 
along the segment [c — iy N , c + iy N \ tends to u (t, x) as N oo. 
What remains to be proved is that the integral taken along the con- 
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tour T N consisting of the other three segments tends to zero as 
N -> oo. We have 

cosh y e~ p * /a qp ( p) f (p ( p ) = 1 + £ 2p * /a . 

Let us show that | q) (p) A >0 for p £ T#, where the constant 
is independent of A r . On [ — y N + iy N , c + iy wl we have 

21 

I <p(p) l = i + « a —y N <y<c t 


so that | cp (p) |^1. The same estimate holds on [ — y N — iy N , 
c — iy N ], while on the remaining segment the function e 2l & a de- 
creases exponentially as N oo. For this reason the integrand in 
‘(50.15) is equal to 


aV 

2cp (p) p 


[e 


p(t-T+—+^-\ p (,-T + ±- X -ZL\ 

* V a a ) — a a / 1 


The first factor is of the order of O (1 Ip) on the F N as N -*• oo, while 
the exponents in the first and second terms in the brackets are strictly 
positive, since t l. By Jordan’s lemma, the 

integral taken along t N tends to zero as TV -> oo. 

From (50.8) and (50.6) we find that 


u ( t , x) = 


2 iaV 'sn 

n ^ 

n=- oo 


/ i\n e ^T“( n+ T 

{ 1} 2n + l 0 


Combining the terms with numbers n and — n — 1 (n =0, 1, 2, ...) 
into pairs and allowing for the fact that q)_ n _! (x) = — cp n (x), we 
arrive at the final result 


u(t.x) = -^-2 Sin (©„(«- D) sin (iji- (*-/)), (50.20) 

71=0 

where 


© B = -22- (» + ■!■). (50.21) 


Each term in this sum corresponds to a natural vibration mode 
of the string with end x = 0 free and end x = l fixed. The natural 
frequencies of these vibrations are equal to co n . 

Equation (50.20) shows that a shock excites all natural vibration 
modes of the string. The amplitudes of the various vibration modes 
decrease like 1 In as the frequency grows, but the energies E n of all 
natural vibrations are approximately the same. Indeed, let p be 
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the density of the material of the string, Q is the si min, and a 2 = 
(?/p. Then the energy E n of the nth natural vibration 
mode is 

0 

= fpa 2 C0S 2 ( Wr (t-T) + T sin 2 (©„ (t — 7))]. (50.22) 

Let us study the response of the string to a series of N periodic 
shocks. Suppose all shocks have the same strength and act on the 
string at times T, 2T , . . NT. This means that the boundary 
condition (50.3) is replaced by 


N 

0) = F 2 

771=1 

Obviously, for t > NT + l/a we have 

N 

u N (t, x) -= 2 Ui(t — (m — i)T, x), 

m= 1 


where u x ( t , x) is the solution of the (50.20) type. We have (see 
Example 6 in Sec. 1) 


N 


771=1 


sin | 

f NT \ 

^co n 2 ) sin 

(« n l 

(*■ 

7V + 1 ^ 

2 J 

1 r) 


sin ( 

COnr > 

2 J 

1 


The final result is 

(*. * ) = 2 


( — l) n sin | 

f NT 

i 071 2 

L 

(2n + l) sin | 

T ) 



x sin (o)„ (f — f) sin (-^-(z-Z)) (50.23) 


The amplitude A n of the nth vibration mode is 

4aF ( — l) 71 sin (a> n NT/2) 


i4n ”‘ ji (2rc-f-l) sin ((o n f]2)^ 


(50.24) 


31-01641 
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Let us study the case when resonance sets in, i.e. the period between 
the shocks coincides with one of the periods of the natural vibrations, 
precisely, T = 2jt/co n . Then from (50.24) we obtain 


_4 aVN (-l) n 
«(2n + l) 9 


(50.25) 


which means that | A n | assumes the greatest possible value and 
increases without limit as TV — oo. 

The most interesting case is when T coincides with the period of 
the principal vibration mode, i.e. 

T = 2jt/(o 0 =4 Ha. (50.26) 


In this case we have 


, , V kaVN ST} ( — l) n , rp\ • / 

“(*• x ) = — z ~ 2 j -sr+r 8in (“n r ) sm (— 

71=0 


(*-/)), (50.27) 


so that 

(£, #) =Nu 1 (t, x). (50.28) 

Thus, the vibration ( t , ^) is amplified TV times after the 

(TV — l)st shock. 

50.3 A finite string vibrating with friction In this case the 
function u (£, x) satisfies Eq. (50.9), while the Cauchy data and 
the boundary conditions are the same as in Sec. 50.2. Going over 
to the Laplace transform, we arrive at the equation (50.10) and the 
boundary condition (50.14) for the function v (p, x). Solving this 
problem, we obtain 


aVe pT sinh ( j / p 2 + ap ) 

* (P, X) = — v JJ { . (50.29) 

Vp 2 +ap coshj— Yp 2 +apJ 

Note that v (p, x) is a single-valued function of p, since sinh V z/Y z 
and cosh Y z are single-valued functions of z (see Examples 18 and 
19 in Sec. 22)'. The singular points of v (p, x) coincide with the roots 

of the equation cosh (~ Yp 2 + ap) — 0, which &re 



.lYDti 

2 * 


ZL 


Ji 2 a 2 

/ a 


(2n+l) 2 -a 2 . (50.30) 



String Vibrations 


483 


All the singularities are simple poles that lie on the straight line 
Re p = —a/2 except, perhaps, a finite number, since D n is positive 
for large n's. If a is greater than na/l (2 n + 1) for a certain n y the 
roots are real and negative. 

As in the previous case, the integral in u ( t , x) is equal to the 
sum of residues over all the poles of the integrand. In evaluating 
the residues we must bear in mind that the choice of the value of 

p 2 + &p is irrelevant, the only requirement is that this value be 
the same in all expressions containing this root. Evaluating the 
integral 


«(*. ^ =- 2sr J gP ‘ v x ) dp< 


we obtain 


u{tfX) = 3l^L ^ 

n=— oo 


(i-rq>n(*) 

VD n 


where cp n {x) is the same as in (50.17). Let us transform this expres- 
sion. We have 


e Pn(t T) — e Pn( *“ T >== — 2 ie 2 ( * T) sin (■ (t — T)j . 


Joining the terms with numbers n and — n — 1 into pairs, we find 
that 


u(t y x) 


4 a 2 V 
l 


~(t~T) 

p * 


71=0 


K sin ("f" (” ”*”t) ( x— ^)) • 


(50.31) 


For a =0 this expression coincides with (50.20). From (50.31) it 
follows that friction changes the natural frequencies of string vibra- 
tions. In the case at hand, 


/ n a a a / . 1 \ 2 a 5 * 

/* \ n + 2 )‘ — 4 * 


(50.32) 


31 * 
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Let us assume, for the sake of definiteness, that a is less than 
nail . Then V D n is positive for all values of n . The solution is 
u (Z, x) = 0 (e~ ai / 2 ) at f - -foo, i.e. exponentially decreases, 
which is due to the presence of friction. Let us see what is the re- 
sponse of the string to a series of N identical shocks acting on the 
string at T, 2 T, . . . , NT. Summing these vibrations, we find that 
at t N T -f- Z/<z, 


U N (t, X) : 


4a 2 r ~t 


oc 


. V ( — 1)" <Pn (*) 

A 2j 7= 

n=0 YW n [l - 2e- aT ' 2 cos ( ^ - )+ g -“ r ] 

x [ sin (-Sf-t)-i T T sin (J^Ly + T)) 

+ e~ iN+i)T sin (t - NT)) ] . (50.33) 

Suppose there are very many shocks, i.e. N oo. Then e ~ aNT / 2 
is exponentially small, we can approximately replace (50.33) by 


(t, x) « e~ 2 (T T) 2 ( 7 ~ =- n - qp„ (x) 

n=0 ^ 71 


a ™ 

2 ^ 

e * sin 


in ( t)-sin ( — (T-f)) 


/ -Z^n 


X 


1 — 2e 


cos 


(-T- 0 +' 


, (50.34) 


-aT 


where we have put 


f = NT + x, x >• l/a. 


(50.35 


Let us consider the case where the period between each shock 
coincides with the period of the principal natural vibration mode, 
i. e. T =2 n/(o 0 = An/]/~D 0 . Then (50.34) takes the form 
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(50.36) 


In this case the resonance manifests itself much weaker (cf. (50.18)) 
because in the presence of friction the natural frequencies co n are 
not integral multiples of co 0 . 
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